University of Louisville

ThinkIR: The University of Louisville's Institutional Repository
Electronic Theses and Dissertations
8-2021

Intercalation and high pressure studies of black phosphorous pathways to novel materials and physics.
Manthila Chathurange Rajapakse
University of Louisville

Follow this and additional works at: https://ir.library.louisville.edu/etd
Part of the Condensed Matter Physics Commons

Recommended Citation
Rajapakse, Manthila Chathurange, "Intercalation and high pressure studies of black phosphorous pathways to novel materials and physics." (2021). Electronic Theses and Dissertations. Paper 3690.
https://doi.org/10.18297/etd/3690

This Doctoral Dissertation is brought to you for free and open access by ThinkIR: The University of Louisville's
Institutional Repository. It has been accepted for inclusion in Electronic Theses and Dissertations by an authorized
administrator of ThinkIR: The University of Louisville's Institutional Repository. This title appears here courtesy of
the author, who has retained all other copyrights. For more information, please contact thinkir@louisville.edu.

INTERCALATION AND HIGH PRESSURE STUDIES OF BLACK
PHOSPHOROUS - PATHWAYS TO NOVEL MATERIALS AND PHYSICS

By
Manthila Chathurange Rajapakse
B.Sc., University of Peradeniya, Sri Lanka, 2015
M.Sc., University of Louisville, Kentucky, USA, 2018
A Dissertation
Submitted to the Faculty of the
College of Arts and Sciences of the University of Louisville
in Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in Physics
Department of Physics and Astronomy
University of Louisville
Louisville, Kentucky
August 2021

Copyright © 2021 by Manthila Chathurange Rajapakse
All rights reserved

INTERCALATION AND HIGH PRESSURE STUDIES OF BLACK
PHOSPHOROUS - PATHWAYS TO NOVEL MATERIALS AND PHYSICS

By
Manthila Chathurange Rajapakse
B.Sc., University of Peradeniya, Sri Lanka, 2015
M.Sc., University of Louisville, Kentucky, USA, 2018
Dissertation approved on
July 20, 2021
by the following dissertation Committee:

Dissertation Director
Dr. Gamini Sumanasekera

Dr. Jacek Jasinski

Dr. Ming Yu

Dr. Serban Smadici

Dr. Xiao-An Fu

ii

ACKNOWLEDGMENTS

I would like to express my deepest gratitude and appreciation to both my advisors
Dr. Gamini Sumanasekera, and Dr. Jacek Jasinski. First, I would like to thank
Dr. Gamini Sumanasekera for his guidance, advice and support. He has a handson, do-it-yourself approach when it comes to designing experimental setups, which
improved my designing and troubleshooting skills. And his expertise in condensed
matter physics helped me to grow myself as a researcher. Even outside the lab, he
is a wonderful human being who always cares about his students’ well-being and
success in the same way he cares about his own children. I will never forget how
he and his wife, Dr. Wasana Sumanasekera helped us ever since the day I and my
wife landed on the American soil. I’m also thankful to Dr.Jasinski for his guidance
and continuous feedback which helped me to stay in the right track. This work is
backed by extensive material characterization techniques. Without Dr. Jasinski’s
expertise in material characterization, this work would have never been a success.
He has a unique perspective of explaining data, which also influenced me to grow
as a researcher. I think I’m privileged to have two such knowledgeable, and caring
supervisors like Dr. Sumanasekera and Dr. Jasinski.

Then, I would like to thank Dr. Ming Yu. In addition to being a member of my
dissertation committee, she also helped my work as the lead theorist in our research
group. My experimental work was well-backed by her theoretical calculations, which
significantly improved the quality and validity of my work. Also, I would like to
thank Dr. Serban Smadici and Dr. Xiao-An Fu for their feedback and guidance as
iii

my dissertation committee members. A big thank goes to Dr. C.S. Jayanthi, Chair
of the Department of Physics and Astronomy, for having me in her department as
a graduate student and her concern about my career goals. I also wish to express
my gratitude to Dr. Chris Davis, the Graduate Program Director when I joined the
Physics Department in 2016, for his advising on my academic success.

My gratitude goes to Dr. Meysam Akhtar and Dr. Arjun Thapa, for their help
in high-pressure and intercalation experiments. I’m also thankful to staff members
of the Physics Department and the Conn Center, both past and present, like Josh
Rimmer, Missy Klotz, Mary Gayle Wrocklage and Eunice Salazar for their help in
my academic journey. I was lucky to have helpful and wonderful lab-mates, like
Bhupendra Karki, Usman Abu, Rajib Musa and Dinushika Vithanage and thanks to
them, the work in the lab became fun and enjoyable. A big acknowledgement should
go to the US Department of Energy for funding this project, and the support from
the Conn Center is also unforgettable.

Last but not the least, my deepest gratitude goes to my loving family. Without
Ruchini Mendis, my wife, soulmate and my life partner, my PhD would have never
been a success. She also helped me in writing this thesis, and her constant caring and
affection never let me loose my focus throughout my doctoral journey. It is difficult
to put my gratitude towards my parents into words. I know how hard they tried
to raise me, and the sacrifices they have made for my well-being. And I’m heartily
thankful to my mother Chitra and father Sunil who wish for my success all the time.
Even though I cannot pay the debt for their sacrifices, I think this achievement will
make them proud. Also, I would like to thank my sister Kavindya for her strong
emotional support and looking after my parents while I’m in the United States.

iv

ABSTRACT

INTERCALATION AND HIGH PRESSURE STUDIES OF BLACK
PHOSPHOROUS - PATHWAYS TO NOVEL MATERIALS AND PHYSICS
Manthila Rajapakse
20th July, 2021
Discovery of graphene in 2004 initiated a new trend of materials known as twodimensional (2D) materials which have exciting surface properties and anisotropies
than their bulk counterparts. Phosphorene, which is the layered version of black
phosphorous (BP) is one of the top 2D materials in terms of research interests and
applications of the present day. Moving a step further, our interest is to understand
the possibilities for structural modifications of phosphorene, by means of stimuli such
as intercalation and high-pressure. It has been predicted by theoretical studies that
these stimuli may lead to the formation of new structures and phases which widens
the applications of these materials.

The initial phase of this work was dedicated to synthesize BP in laboratory conditions. In today’s market, 1g of pure black phosphorous crystals costs as high as
$800. Thus, high quality BP crystals were grown in our lab using chemical vapor
transport technique, and characterized for its quality using several characterization
techniques. In the next phase, A systematic study on electrochemical charge transfer
in Li-doped black phosphorus (BP) was carried out by both in-situ and ex-situ Raman scattering. Galvanostatic discharge of dedicated in-situ electrochemical cell for
Raman spectroscopy was used to study time evolution of vibrational modes under
v

lithiation. In addition to the peak broadening, which is a result of structural expansion, peaks corresponding to all three Raman-active atomic vibrational modes were
found to redshift as a result of lithiation. Peaks corresponding to in-plane modes
were red-shifted about 1.6 times faster than the out-of-plane mode. Further characterizations using optical and electron microscopy showed that the intercalation of BP
is highly anisotropic, where channels along the zigzag direction were found to be the
easy direction for intercalation. X-ray diffraction on intercalated samples confirmed
a reduction of thickness as lithiation weakens interlayer bonding, thus resulting in
a partial exfoliation of BP flakes. Furthermore, first principle studies using density
functional theory were used (performed by DR. Ming Yu and Md. Rajib Khan Musa)
to develop a theoretical model for the intercalation mechanism. The discrepancy between the experimental and the theoretical results was also addressed.

Next, the focus was on the high-pressure response of pristine and Li intercalated
BP. Structural evolution of Li-intercalated and pristine black phosphorous (BP) under
high-pressure (up to ∼ 8 GPa) was studied using in-situ Raman spectroscopy. Even
though both materials showed a monotonic blueshift of the out-of-plane vibrational
mode with pressure, Li-intercalated BP did not show a blueshift until a threshold
pressure (2.4 GPa) was reached to compensate the structural expansion caused by
intercalation. However, the in-plane modes in each sample responded differently.
In the mid-pressure region, they both showed redshifts which in Li-intercalated BP
was also followed by abrupt blueshifts. Such behavior indicated pressure-induced
structural reorganizations inside the material. Computational modeling revealed the
existence of a process of P-P bond breaking and reforming in the system due to
the redistribution of intercalated Li atoms under pressure. This work shows the
significance of combined effect of pressure and intercalation on structural changes in
the search for new phases of BP and other 2D materials.

vi

Alloying BP with another group V element like arsenic (As), is another way of
tuning the structure as well as improving the stability of BP in ambient conditions.
Thus, in addition to the intercalation and high pressure approaches, black arsenicphosphorous alloys were synthesized as an initial step for future research. The structural properties of Asx P1−x (x = 0, 0.2, 0.5, 0.83, and 1) alloys. It is observed that
black phosphorous-related phonon modes in the alloy samples are redshifted with increasing arsenic concentration, while black arsenic-related modes in these samples are
blueshifted with increasing phosphorus concentration. In addition, these materials
were tested for their temperature-dependant transport properties which gave much
promise on its usage as thermoelectric materials.
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CHAPTER 1
BACKGROUND

1.1 Black Phosphorous
With the emergence of nanotechnology, the study of low-dimensional materials has
gained much attention due to some unusual material properties [1] compared to their
bulk counterparts. The discovery of graphene in 2004 initiated this trend, and other
two-dimensional (2D) materials, including phosphorene [2], silicene [3], germanene
[4], MXenes [5], and transition metal dichalcogenides (TMD) [6] followed by. This
has led to the recent rapid growth in this field. Due to extraordinary properties
arising in part from their reduced dimensionality, 2D materials can be used in a wide
array of applications, including energy storage (batteries and capacitors) [7–9], energy
conversion [10], superconductors [11], photonics [12], catalysts [13,14] etc. Compared
to bulk materials, 2D materials have more pronounced surface properties, which are
different from bulk properties. Weak Van der Waals bonding between the layers of
these materials give easy access to the modification of these surface properties.

Graphene is arguably the most popular 2D material to date. However, despite its
superior characteristics like high carrier mobility, high surface area, excellent thermal
conductivity, and quantum confinement effect [15], its electronic applications are
somewhat limited as its band gap is zero and only weakly tunable. When it comes
to band gap tunabilty, significance of black phosphorus (BP) is vital as it has a
1

layer-dependant tunable band gap ranging from 2 eV for monolayer to 0.3 eV for
bulk [16]. Such a strong dependence on the number of layers originates from the loss
of interlayer hybridization in few layer systems [17]. Researchers are on a constant
search for materials with a mid-range band gap between zero-band gap (graphene) and
wide band gap materials (like TMDs). Phosphorene can fill this mid-range void by
widening the band gap selection for device fabrication. Moreover, black phosphorous
is a direct band-gap material, regardless of the number of layers.

BP is the most thermodynamically stable allotrope of phosphorus. Equivalently
to graphene, which is the 2D counterpart of carbon, the 2D version of BP is known
as phosphorene. BP in its bulk form was first synthesized in 1914 by Bridgeman
under high pressure and temperature (1.2 GPa and 200 °C, respectively) using white
phosphorus as the starting material [18]. Almost a century later, in 2014, its 2D
form was introduced by the mechanical exfoliation method and received tremendous
attention of the researchers as a non-carbon 2D material in the past few years. In
contrary to graphene, which produces atomically flat sheets, BP consists of a puckered
two-level structure and has an interlayer separation of 0.54 nm [19]. The structure
of BP is shown in Figure 1.1 together with its bond angles and lengths at ambient
temperature and pressure.

2

Figure 1.1. Bond lengths and angles of BP.

In crystallography, combinations of 14 Bravais lattices with 32 point groups plus
screw and glide symmetry gives 230 different space groups in 3D space. Structure
of any crystal system can be understood by this classification system. Bulk BP in
normal conditions has an orthorhombic (A17) crystal structure that belongs to space
group Cmce (No. 64) and point group D18
2h (mmm) [20, 21]. There are eight atoms in
the BP unit cell, whereas the primitive unit cell consists of four atoms.

Phosphorous atom, which is the building block of BP, has the atomic number 15
in the periodic table of elements. It has 15 electrons, 15 protons and 16 neutrons
respectively. In nature, elemental phosphorus exists in two major forms, white phosphorus and red phosphorus. But due to high reactivity, phosphorus is never found
as a free element on Earth. Therefore, phosphorus generally occurs as phosphates in
minerals. The ground state electronic configuration of phosphorous can be written
as 1s2 2s2 2p6 3s2 3p3 . Electrons in 3s and 3p orbitals are the ones involved in chemical
bonding. These orbitals are the reason for nonexistence of elemental phosphorous
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in nature. Phosphorous undergoes sp3 hybridization, where the 3s and 3p orbitals
hybridize to form four sp3 orbitals of equal energy. As shown in Figure 1.2, these
hybrid orbitals consist with three partially filled shells and an electron lone pair.
Three electrons in the partially filled shells are bonded to three adjacent P atoms.
As a result, each P atom consists with a lone pair of electrons, which gives its unique
puckered two-level structure of BP. Also, the lone pair makes BP a highly reactive
material [22]. Upon few hours of exposure, BP tends to react with atmospheric water
and oxygen and degrades to phosphorous oxides and phosphoric acid [23, 24].

Figure 1.2. Ground state electronic configuration (left) and hybridization (right)
for phosphorus.

Other than the tunable band gap, characteristics like relatively high p-type charge
carrier mobility up to about 6000 cm2 V−1 s−1 [25] and strong in-plane anisotropy, particularly the anisotropy of electric conductance [17], makes BP a promising candidate
in many electronic, optoelectronic, and energy applications. Furthermore, previous
works have shown that these electronic properties can also be modulated by external stimuli such as strain [26, 27], pressure [28], or electric field [29]. Motivated by
these findings, structural changes of BP under charge transfer and high-pressure are
studied extensively in this work using numerous characterization methods.
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1.2 Introduction To Intercalation
In general, intercalation in layered materials is a process of inserting foreign ions
or molecules in-between weakly-bonded layers. Layered materials are suitable host
materials for various intercalants, including ions and molecules. The research area
of intercalation in layered materials has grown rapidly since the development of a
large class of graphite intercalation compounds (GICs) [30]. Different intercalation
strategies have been developed, including chemical intercalation from gas [31, 32] or
liquid phase [31,33], electrochemical intercalation using solid [34,35] or liquid [36–38]
electrolytes, etc. This section briefly introduces each intercalation method prior to
the specific details about systematic study on electrochemical intercalation of BP.

1.2.1 Electrochemical intercalation
In this method, the intercalation process is driven by the application of current or
a voltage to the system, which can be performed using a typical electrochemical cell
setup in which the roles of anode and cathode electrodes are played by intercalants
and host materials, respectively, as shown in Figure 1.3. An electrochemical cell
requires electrolyte medium (solid or liquid) to enable the movement of charges between host and guest species. Although many liquid electrolytes are commonly used
in electrochemistry, it is more accurate to classify such examples under electrochemical intercalation (not liquid phase intercalation) due to two reasons; (1). Electrical
current in the circuit is a characteristic outcome of electrochemical intercalation. (2).
Electrolyte is not necessarily the main source of intercalant (anode is). (Section 1.2.3
covers liquid-phase intercalation methods in which the liquids are used as the main
source of intercalant.).
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Figure 1.3. Electrochemical intercalation.

Intercalant source (or guest species) could either be a donor or acceptor type compound. In both cases, a charge transfer (driven and by an external electric field)
between hosts and intercalants take place. Upon intercalation, donor type materials
give away electrons and creep into the interlayer spacings of the layered host material.
Such intercalation’s electrochemical reaction can be represented as,

H + xD+ + xe− =⇒ Dx H

(1.1)

where, H and D are host material and donor species, respectively. Alkaline and
alkaline earth metals like Li, Na, and Mg are well-known donor-type intercalants that
are widely used with layered materials in many studies and applications [39–42]. On
the other hand, an acceptor type species like H2 SO4 takes away electrons from host
material via a reaction;
H + xA− =⇒ Ax H + xe−

(1.2)

where A is the acceptor specie [43]. Electrochemical intercalation is unique because of the easy reversibility of the intercalation process [31]. Typically, deinter6

calation can be done by simply reversing the polarity of the current. There are
instances in which intercalation could lead to parasitic side-reactions, involving the
electrolyte [44] or the host-guest bonding sometimes beyond a certain degree of intercalation [45, 46]. For instance, in-situ transmission electron microscopy (TEM)
studies reveal that electrochemical intercalation of Li into BP could lead to the formation of amorphous Lix Py alloys beyond a certain degree of lithiation [47]. A similar
study on Na also shows this dual mechanism in which intercalation is followed by the
formation of Na3 P alloy [48]. The extent of such parasitic side-reactions may depend
on specific conditions of the intercalation process, including its geometry. Zhang et
al. [49] have shown that the voltage-controlled selective intercalation of Li+ and Na+
ions through the top surface of MoS2 is more robust and stable compared to the
intercalation through the edges. The study has revealed that the sealed-edge MoS2
allows the intercalation of small alkali metal ions (Li+ and Na+ ) and rejects large
ions such as K+ .

However, the stages of intercalation can be controlled externally by means of applied electric field. Furthermore, the amount of charge transferred during intercalation/deintercalation can be easily estimated if the parameters like current and time
are known; thus, the stoichiometry of the final intercalated compound can be estimated. Electrochemical intercalation is controlled mainly by either chronopotentiometry or chronoamperometry [50]. Chronopotentiometry is a galvanostatic method in
which the current is held at a constant level for a given time. In chronoamperometry,
a potential step is applied, and the resulting current vs. time profile is observed.
Ever since the introduction of the lithium-ion battery, which is arguably the best
application in electrochemical intercalation, this method received a lot of attention.
As a result, many studies are carried out implementing electrochemical intercalation
with an array of layered host materials and intercalants.
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Although electrochemical intercalation in liquid electrolyte is widely used in most
commercially available energy storage systems, this technology has some serious
drawbacks, including high reactivity of the electrolyte in ambient conditions, dendrite growth from anode to cathode, and limited temperature range of operation.
Some of these drawbacks can be minimized by using solid electrolytes in lieu of liquid electrolytes. Examples of promising solid-state electrolytes are, Perovskite type
(Li3x La(2/3)−x TiO3 ) [51], NASICON-type conductors LiM2 (PO4 )3 (M = Zr, Ti, Hf,
Ge or Sn) [52], and Garnet-type conductors Li5 La3 M2 O12 (M = Nb, Ta) [53].
1.2.2 Vapor phase intercalation
This is one of the earliest and most common intercalation mechanisms. Vapor phase
techniques are based on the utilization of heat to control the intercalation process. In
other words, controlling the temperature of intercalants and hosts controls the vaportransport and hence the transport of intercalants into the host layers. In general,
intercalants and host materials are heated inside an enclosed vessel, which is suitable
to create high vapor pressure inside the system (see Figure 1.4 ).

Figure 1.4. Vapor phase intercalation.
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Depending on the temperature control method, vapor phase intercalation can be
divided into two main categories, isothermal or two-zone transport [31, 32]. In the
isothermal method, both hosts and intercalants are held at the same temperature,
whereas a temperature difference is maintained in the two-zone method. In both
methods, temperature (or temperature difference) regulates vapor pressure of the
intercalant and controls thermodynamics of intercalation [32, 54]. The vapor phase
intercalation method is popular as it is compatible with a variety of intercalant/host
pairs. For instance, previous works report vapor phase intercalation of host 2D materials like graphene, TMDs, and phosphorene with many alkali metals (Na, K, and
Cs) [55], transition metals (Cu, Cd, Hg) [56], post transition metals (Sn, Pb) [56]
and pnictogens like Bi [56]. The vapor phase intercalation of halogen intercalants like
bromine [57] and iodine [58,59] have also been reported. On the downside, compared
to electrochemical intercalation, vapor phase technique lacks the ability to determine
the composition (stoichiometry) of the intercalated samples in-situ as it is challenging to calculate the number of atoms/molecules transferred to the host material.
Although, several ex-situ quantification techniques have been implemented to determine the chemical compositions of the final intercalated product. Salvo et al. [56]
report a gravimetric analysis in which the final and initial masses of the host material
are being compared. Insertion of intercalants is responsible for the increase in mass,
and thus, the number of guest atoms intercalated can be calculated. Alternatively,
energy dispersive X-ray spectroscopy with elemental mapping can also be used to
determine the chemical composition [55].

1.2.3 Liquid phase intercalation
This section covers few approaches that differ slightly from each other, in which the
host 2D material is being immersed into a liquid that contains intercalant atoms, ions,
or molecules so that the intercalants can creep into the vdW gaps of the immersed
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host material via the liquid medium being the common practice (see Figure 1.5 ).

Figure 1.5. Liquid phase intercalation.

This method does not generate electric currents as a result of intercalation; thus,
liquid phase intercalation should not be confused with some electrochemical intercalation methods which involve a liquid electrolytes. The liquid source for intercalants
could either be a solution containing intercalants [31,60,61] or the molten state of the
intercalants itself [33, 62]. The intercalation process in the liquid phase is governed
by the kinetic and thermodynamic nature of the liquid-intercalant source and host.
The effects of solvent type, temperature, intercalant concentration, and the size of
the host lattice on the intercalation rate are studied and reported elsewhere [63, 64].

It has been reported that liquid phase intercalation can be used to insert an array of inorganic and organic molecules like hydrazine, dimethyl sulfoxide (DMSO),
sulfuric acid, urea, acetone, ethyl alcohol, tetrahydrofuran N,N-dimethyl formamide,
chloroform, toluene and isopropylamine (i-PrA) into layered materials [61, 65–67]. In
the case of hydrazine and dimethylformamide (DMF) intercalated MXene [61], it has
been found that deintercalation is also possible by drying the intercalated product
above the boiling points of hydrazine and DMF, which makes the process reversible.
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Koski et al. has reported intercalation of zerovalent Cu into Bi2 Se3 using a Cu+
salt in a solvent complex, resulting in a high Cu yield up to 60% in the intercalated
compound [68]. Typically, solution phase intercalations are governed by a chemical
reaction; oxidation, reduction, or both. For instance, the monovalent Cu+ salt being
used as the intercalant source converts into zerovalent Cu and Cu2+ in solution phase
intercalation with Bi2 Se3 . Only zerovalent Cu gets intercalated while Cu2+ is bound
in a solvent complex [68]. This is an example of an oxidation–reduction (redox) reaction, which governs the intercalation process. A similar approach has been used
by Wang et al. to intercalate Sn into 2D metal chalcogenides [69]. These methods have been further extended to intercalate various transition metal chalcogenides
(e.g., Sb2 Te3 , In2 Se3 , GaSe) [70] and non-chalcogenides such as MoO3 [71] as well as
incorporating dual metal elements into them [72].

Liquid ammonia and some organic solvents like methylammonium and tetrahydrofuran are known to dissolve alkali and alkali-earth metals [60]. As a result, especially
liquid ammonia has been widely used to intercalate alkali and alkali-earth metals into
graphene [60], MoS2 [73], and black phosphorous (BP) [74]. In the latter two cases,
Zhang et al. have also been able to observe superconductivity in the host materials.
−
Liquid ammonia (NH3 ) can self-ionize into NH+
4 and NH2 .

2N H3 =⇒ N H4+ + N H2−

(1.3)

Upon introduction, alkali or alkali-earth metals (M) also get ionized inside the
medium, donating the electron to the medium temporarily.

M =⇒ M + + e−
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(1.4)

The metal ion moves freely in the medium and eventually creeps into the layers
of the host material. After the intercalation, the ejected electron is donated back
from ammonia and attaches to the intercalated compound resulting in zerovalent
intercalation of metals [60]. The color of the metal-ammonia solution changes from
dark blue to yellowish brown when the metal concentration is changing from low to
high, which can be used as an indicator for the progress of intercalation.

The ion exchange method is another type of liquid phase intercalation in which
an existing ion in the host gets replaced by a guest ion. This mechanism is widely
applied in layered double hydroxides (LDH) [75]. An LDH has an interlayer charge−
−
compensating anion such as CO−
3 , NO3 or Cl . This charge compensating anion

can be replaced by another thermodynamically competitive anion provided by an
intercalant source in a liquid medium. There are reported works on intercalating
many organic anions [75, 76], and halides [77] into the interlayer spacing of LDHs
using this method.

In addition to the usage of aqueous or non-aqueous solutions, metal intercalation
can also be done in the liquid phase by immersing host materials in molten metals
or metal salts [78]. Furthermore, usage of molten Li-Ca alloys to intercalate Ca in
graphene intercalated compounds have also been reported [33,62]. High temperatures
are required as metals need to be always kept in the molten state. An inert environment is also necessary as alkali metals are highly reactive in the normal atmosphere.

Overall, liquid phase intercalation methods can be a better option over electrochemical intercalation whenever the host/guest species are less conductive. However,
similarly to vapor phase methods, liquid phase intercalation also lacks control over
the composition of the final product. In-situ quantitative measurements can also be
a challenge, as it is hard to monitor the overall process.
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1.3 Introduction to High Pressure Physics
Pressure is an important thermodynamic variable, which is somewhat overlooked
compared to temperature and other thermodynamic variables. The study of pressure
is about identifying the material behaviour under extreme conditions and has different
aspects ranging from planetary science, nuclear explosion, semiconductor physics and
crystallography. Pressure in observable nature varies in the range of over 60 orders
of magnitude. The lowest known pressure in universe is found to be at intergalactic
spaces. Gas atoms in these spaces are as rare as one atom per cubic meter and thus
the pressure is in the order of 10−27 Pa. On the other extreme of the scale, highest
pressure in the universe is known to be found in the center of a neutron star and is in
the range of 1030 Pa. The available pressure domain in today’s laboratory conditions
is from 10−12 to 1014 Pa.

Figure 1.6. Range of pressure in the universe

High pressure can tremendously influence the physical and chemical properties of
materials. It is a valuable tool for investigating the available phases and for synthe13

sizing new phases of materials with modified properties. Under high pressure, volume
changes considerably therefore properties can be explored and tuned with respect to
interatomic distances. It is also known that electron configuration, density, and free
energy of materials can be modified under pressure. Since pressure significantly influences the reaction equilibrium, it can be utilized to produce metastable materials.
Many thermodynamically metastable materials synthesized under high pressure can
remain kinetically stable at ambient pressure for a long time. High-pressure synthesis
of metastable materials are important because many of novel and valuable materials are metastable. High pressure can facilitate synthesis of metastable materials by
lowering reaction temperatures.

Figure 1.7. Phonomena under High Pressure

The Gibbs free energy (G) of a system is a measure of the amount of usable energy
that can do work in the system. The change in Gibbs free energy (∆G) during a
reaction reveals useful information about the reaction’s energetics and spontaneity.
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In other words, ∆G is the change in free energy of a system when it converts from
reactant phase to the product phase. This value tells the maximum usable energy
released (or absorbed) during the process. Also, its sign tells whether a reaction will
occur spontaneously, or added energy (from external stimuli) is required. Transitions that have a negative ∆G are called exergonic reactions. This means that the
reactants, or initial state, have more free energy than the products, or final state.
Exergonic reactions are also called spontaneous reactions, because they can occur
without the addition of energy. Reactions with a positive ∆G require an input of
energy and are called endergonic reactions. In this case, the final state have more
free energy than the initial state. Endergonic reactions are non-spontaneous, which
means that energy must be added before the reaction can proceed.

However, the term ”spontaneous” specifically means that a reaction will take place
without added energy, but it doesn’t imply anything about the reaction rate. A
spontaneous reaction may just take seconds to happen, but it could also take days,
years, or even longer. The reaction rate depends on the ”path” it takes between initial
and final states whereas spontaneity is only dependent on the initial and final states
themselves. During a reaction, some or all of the chemical bonds in the reactants must
be broken so that new bonds can form. To get the bonds into a state that allows
them to rearrange, the molecules must be deformed into an unstable state called the
”transition state” or ”activated state”. This transition state is a high-energy state.
Thus, energy must be added in order for the molecules reach it. This energy is known
as the ”activation energy” of the reaction. Because the transition state is unstable,
the molecules don’t stay there long and proceed quickly to the next state of the
reaction. For any chemical reaction or phase transition, an energy profile diagram
(or reaction coordinate diagram) can be used as a representation of a single energetic
pathway, along the reaction coordinate, in which the reactants are transformed into
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products. An energy profile diagram for a simple three-state exergonic process, in
which an initial state (reactants) convert into a final state (product) via an unstable
activated phase is shown in Figure 1.8.

Figure 1.8. Energy Profile Diagram of a Phase Transformation.

Pressure can be used as one of the sources for activation energy and its also the
main goal of high-pressure experiments mentioned in this work. Semiconductor materials have natural tendency towards transforming progressively to denser structures
through a chain of high pressure induced structural transitions. High pressure can affect the interatomic distances and consequently all the interatomic interactions which
control materials properties.

The main reasons behind the lack of experimentation about high pressure in materials science in comparison with other thermodynamic parameters like temperature
and concentration, is the fact that the equipment of high pressure experiments are
not routinely available in physics and chemistry laboratories. They are limited only
to specialized laboratories and instruments. The other reason is the very small vol-
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ume of the samples in high pressure experiment as it is not possible to reach very
high pressure in large volume. Recently, the number of high pressure research has
garnered more attention and the study of materials under extreme conditions has
attracted substantial attentions among science community. The main reason for this
rapid increase is the latest advancement in both experimental and theoretical capabilities that have simplified the high-pressure experiments. One of the milestones in
high-pressure research is the recent work on metallization of hydrogen at 425 GPa in
year 2020. The importance of such work is further signified by number of Nobel prizes
awarded for high-pressure research. In 1918, German chemist Fritz Haber (1868 –
1934), was received the Nobel Prize for invention of a high pressure method to synthesize ammonia. Carl Bosch (1874 – 1940) and Friedrich Karl Rudolf Bergius (1884
–1949), who were both German chemists, have received the Nobel Prize for the invention and development of chemical high-pressure methods. In 1946, Percy Williams
Bridgman (1882 –1961), an American physicist won the physics Nobel Prize for his
high pressure research. Bridgman is one of the founding fathers of the invention of
an anvil device for high-pressure work, which later evolved to be the DAC.

The design of diamond anvil cell (DAC) has led to major breakthrough in application of high pressure in materials science. Nowadays, there are DACs that can achieve
pressures over 700 GPa. Diamonds in DAC are transparent to wide range of electromagnetic radiation which makes the DAC an extremely powerful tool for various
in-situ high-pressure measurements. Currently, a broad range of probing techniques
can be performed from X-ray and neutron diffraction to spectroscopic techniques such
as Raman, Fourier transform infrared (FTIR) and photoluminescence (PL).

As mentioned above, high pressure is a thermodynamic variable that can be used
to trigger structural changes in layered materials. Unlike intercalation, high-pressure
does not introduce impurities to the original structure [79, 80]. Previous work has
17

shown the effect of pressure on bonding in BP. Cartz et al [81] has determined bond
lengths and bond angles of BP as a function of hydrostatic pressure using timeof-flight neutron powder diffraction. Akhtar et al [28] report similar work from a
phonon mode perspective using in-situ Raman spectroscopy. Furthermore, several
works have been focused on the investigation of possible pressure-induced structural
phase transition of BP [82–85]. The strain induced by high-pressure, can alter not
only the bond lengths but also the bond angles, thereby affecting the bond energetics.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

2.1 Synthesis of Black Phosphorous
Compared to its most common allotropes, black phosphorous is an expensive material if purchased commercially. Current market price for 250 mg of black phosphorous
powder or crystals ranges from $300 to $550. The demand is mainly due to its exotic
material properties and ever-increasing interest for experimentation; thus, scientists
were leaned towards the techniques of growing these materials in the laboratory.
There are several methods available for synthesizing black phosphorous. The first
reported method used white phosphorous or red phosphorous as the precursor, and
black phosphorous was synthesized under high temperature (>200 ◦ C) and pressure
(1.2 GPa) in only several minutes [86]. Mercury catalytic method [87], bismuth flux
method [88–90], low-temperature liquid phase techniques [91] and chemical vapor
transport [92, 93] are other notable methods. In this study, chemical vapor transport
(CVT) method was used which is also known as short transport growth.
2.1.1 Chemical Vapor Transport
CVT is a process that is used to grow crystalline solids with high purity. The
process begins with a condensed phase, usually a solid precursor, which has insufficient pressure for its own volatilization. Therefore, volatilization of this solid needs
to be assisted by another gaseous reactant, known as the transport agent. At the
19

right temperature and pressure, precursor solid (aided by transport agent) can be
volatilized to vapor phase and deposits elsewhere in the crystalline form. In general,
the point of deposition (crystallization) needs to be at different external conditions
with respect to the point of volatilization in order to provide the conditions required
for chemical equilibrium at crystallization. Therefore, a temperature difference is
maintained between the location of precursors and location of crystal deposition.

Figure 2.1. Scheme of CVT experiments for crystal growth in a temperature gradient.

For the synthesis of BP crystals, bulk red phosphorous was used as the main precursor while tin (iv) iodide (SnI4 ) and tin (Sn) were used as the sources for transport
agents and mineralization additives. The closed bottom end of a Pyrex glass ampoule
(outer diameter= 12.7 mm, length= 184.15 mm, wall thickness= 2.4 mm) was filled
with 500 mg red phosphorous, 24 mg Sn and 12 mg SnI4 . The ampoule was then
connected to an ultra-high vacuum system consists with a mechanical/ oil diffusion
pump combination and was evacuated down to 10−6 Torr. The evacuated ampoule
was then sealed from the middle using an oxy acetylene torch. These Pyrex ampoules
were custom built by Custom Glassblowing of Louisville, Inc. to have a constriction
at 76.2 mm from the open end for faster and easier sealing.
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Figure 2.2. Schematic of high vacuum system for the synthesis of black phosphorous
by chemical vapor transport technique.

Figure 2.3. Pyrex ampoule.
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Figure 2.4. Vacuum system for synthesis of black phosphorous.

Figure 2.5. (a).Oxy acetylene torch. (b).Oxygen and acetylene tanks. (c).Tube
sealing with oxy acetylene flame. (d).Sealed ampoule.

22

The evacuated and sealed ampoule was then transferred to a single zone tube
furnace for BP crystal growth via chemical vapor transport method. The ampoule
was placed inside the furnace in such a way where the end with precursors is at a
higher temperature compared to the other end. A temperature gradient of 50 ◦ C was
maintained throughout the growth process. The temperature vs time profile for the
hot end can be described as follows.
First, the sample was heated from room temperature to 610 ◦ C within 190 minutes
and maintained at that value for 20 minutes. Beyond this point, Pyrex starts to
expand slightly, then the ampoule reaches a critical state and can be ruptured if
attempted to maintain the temperature any longer. Thus, it was cooled down rapidly
to 560 ◦ C within 5 minutes. Once the temperature reached 560 ◦ C, the ampoule was
annealed slowly for 454 minutes until it cooled down to 510 ◦ C. After a 60 minutes
of dwell time at that temperature, the final cooldown to room temperature took 530
minutes. Upon reaching room temperature, large crystals of BP were found to be
formed near the cold end of the ampoule. However, the inner walls were covered
with some unreacted red phosphorous which hinders the view of grown BP crystals.
The ampoule was then opened inside a nitrogen-filled glove-box and BP crystals were
extracted and stored inside the glove-box itself as BP is sensitive to the atmosphere
and can be degraded within few minutes of exposure.

Figure 2.6. (a).Single zone furnace and (b).temperature profile at the hot end.
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As-grown BP crystals were characterized using Raman spectroscopy, XRD and
TEM with EDS analysis. (The characterization techniques are discussed in detail
in the next chapter.) However, elemental analysis with EDS revealed that the BP
crystals contain impurities like unreacted red phosphorous, phosphides, and iodides
coming from precursor materials. For minimized presence of impurities and better
crystal yield, some steps in the synthesis route needed to be improved and optimized.

Figure 2.7. Energy dispersive spectroscopy (EDS) of black phosphorous grown using
Pyrex ampoules and single zone furnace. Sn, I and O peaks are due to impurities.

2.1.2 Improved Synthesis Route for Quality Crystal Growth
It was understood that the presence of unreacted precursors can be eliminated by
increasing the maximum temperature of the furnace and holding the maximum temperature for a longer time. But achieving higher temperatures for longer periods
was restricted by Pyrex glass ampoules as they start to rupture beyond 610 ◦ C. To
overcome this issue, Pyrex was replaced by quartz ampoules (also custom built by
Custom Glassblowing of Louisville, Inc.) which can handle higher temperatures due
24

to its high melting point (1650 ◦ C). But higher melting point of these quartz ampoules
made sealing more difficult compared to its Pyrex counterpart. Therefore, for easier
sealing, wall thickness of these ampoules had to be reduced to 1.25mm (compared to
2.4 mm for Pyrex).

Figure 2.8. Quartz ampoule used for high temperature synthesis.

But there is a downside in having thinner walls as it cannot withstand higher
vapor pressure generated during crystal growth as thicker walls could handle. As a
result, initial mass of starting materials had to be reduced by 50% (250 mg red P, 12
mg Sn and 6 mg SnI4 ) to protect the ampoule from exploding. However, with usage of
quartz ampoules, the temperature profile could be modified, hence maximum growth
temperature was increased from 610 ◦ C to 640 ◦ C and the dwell time at maximum
temperature was also increased from 20 minutes to 30 minutes. Improved temperature
vs time profile is shown in figure 2.9.
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Figure 2.9. (a).Two zone furnace and (b).temperature profile at the hot end.

Temperature gradient between precursor materials and the location of material
deposition is also an important factor for quality crystal growth. As mentioned
above, the synthesis of BP using CVT method requires a 50 ◦ C temperature gradient
between the two ends throughout the entire growth period. Therefore, precise control
over the temperature gradient was achieved by replacing the single zone furnace
by a two-zone furnace in which the temperature in each zone can be programmed
and controlled individually. (This furnace actually consists with three individually
programmable temperature zones, but only two zones were used for this work.)
With the higher growth temperatures (using quartz instead of Pyrex ampoules)
and better control over the temperature gradient (using two-zone furnace instead of
single-zone furnace), growth conditions for BP were improved and as a result, material
yield was improved by about 80%. Quality of these BP crystals were confirmed by
the significant absence of impurity peaks evident in the EDS elemental analysis (see
figure 2.10). Flakes of as grown bulk BP crystals are shown in figure 2.11.

26

Figure 2.10. Energy dispersive spectroscopy (EDS) of high quality black phosphorous grown using quartz ampoules and two zone furnace.

Figure 2.11. As-grown bulk black phosphorous crystals.

2.2 Synthesis of Black Arsenic - Phosphorous Alloys
A series of Asx P1−x compounds with different atomic compositions (x = 0, 0.2,
0.5, 0.83, and 1) were synthesized from red phosphorus and gray arsenic by chemical
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vapor transport growth method. Stoichiometric ratios of red phosphorus and gray
arsenic with a total weight of 500 mg were annealed inside evacuated (10−6 Torr),
sealed quartz ampoules at 650 °C. Sn (20 mg) and SnI4 (10 mg) was added as the
mineralization additives. A temperature gradient of 50 °C was maintained between
the hot and cold ends of the ampoule throughout the annealing process in order to
facilitate vapor transport and resultant Asx P1−x alloy crystals were grown at the
cold end. Previous works [94, 95] show similar synthesis approaches which have been
used to synthesize Asx P1−x crystals with different compositions, and this technique
is genuinely inspired by chemical vapor transport growth of BP itself.

Figure 2.12. As-grown black Arsenic-phosphorous crystals with different As:P ratio.

2.3 Electrochemical Intercalation Tools
2.3.1 Cell Assembly
Electrochemical intercalation refers to the process of inserting guest atoms or
molecules into the interlayer gaps of a 2D material by means of an electrical current
through an electrochemical cell assembly. The operating principle of electrochemical
intercalation is described in section 1.2.1. The cells are in resemblance with typical
lithium-ion batteries. Li was used as the anode material whereas cathode was made
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of BP. Two types of cells were constructed for this study. For ex-situ experiments,
the cells were assembled similar to commercially available coin cell (or button cell)
configuration. Outside view and internal schematic of a coin cell is shown in Figure
2.13. For the Li-intercalation experiments based on in-situ Raman spectroscopy, a
special split test cell (manufactured by MTI corporation) was used. This special cell
consists with a transparent quartz window which provides a view of the electrode of
interest. Therefore, this special cell allows laser beam (from the Raman spectrometer)
to be focused on the BP electrode. Thus, real-time characterization is possible while
the intercalation is in progress. Outside view and internal schematic of the in-situ
cell is shown in Figure 2.14.

Figure 2.13. Outside view (a) and the internal schematic (b) of a coin cell.
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Figure 2.14. Outside view (a) and the internal schematic (b) of an in-situ split test
cell.

Regardless of the type of cell used, the interior of an electrochemical cell consists
with several essential parts, including the anode, cathode, a permeable separator, an
electrolyte, current collectors, a wave spring and an outer casing. Each part can be
described briefly as follows.
Anode: Anode is the negative electrode of an electrochemical cell. Anode is
always associated with the oxidation or the release of electrons into an external load.
In intercalation experiments, the species that needs be intercalated (i.e guest species)
is chosen as the anode material. Li is the best known anode material for battery
applications. Li is preferred, as it can be handled relatively easier than other alkali
metals like Na or Cs. Also, Li is lightest and the most electropositive among the
alkali metals. In addition, the low density of Li (0.534g/cm−3 ) leads to the highest
specific capacity value of 3.86Ah/g. In general, a good anode material should be a
good reducing agent and a good conductor. High electropositivity (i.e. higher voltage
is obtained with respect to cathode), high electrochemical capacity/ energy density,
and good mechanical stability are other properties to consider when choosing a good
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anode material.
Cathode: Cathode is the positive electrode (or oxidizing electrode) that acquires
electrons from the external load and reduces during the electrochemical reaction.
Cathode is the host material in intercalation experiments. Usually, battery cathodes
are layered materials as charge carrying ions can be easily stored between the layers.
Cathode should also be a good electrical conductor for effective charge exchange. But,
due to less conductivity of BP, it was well-mixed with a conductive substance known
as ”binder”. Binder not only increases the conductivity of cathode, it also helps the
cathode material to stick together as a single pellet which ultimately improves the
conductivity further. A mixture of polytetrafluoroethylene (PTFE) and acetylene
black was used to bind BP in electrochemical cells used in this work.

Figure 2.15. Cathode made from BP and binder mixture (PTFE and acetylene
black) for Li intercalation experiments.

Electrolyte: Electrolyte is a liquid or solid medium that provides ion transport
mechanism between the cathode and anode of a cell. Electrolytes are good ionic
conductors. A salt made of anode element is the typical choice for the electrolyte.
For example, in this work which used Li as the anode material, 1 M solution of lithium
hexafluorophosphate (LiPF6 ) was used as the main ingredient of electrolyte, mixed
with ethylene carbonate and dimethyl carbonate (1:1 ratio).
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Separator: This is a polymeric membrane placed between the anode and cathode
to prevent an electrical short circuit. The separator is a permeable microporous layer
that is soaked by the electrolyte and acts as a catalyst to movement of ions from one
electrode to the other. The separator controls the number of ions moving between
the electrodes and hence it is responsible for the self-discharge when the battery is
ideal. It is noteworthy that although the ions pass through the separator freely, it
will not have any electrical conductivity.
Current Collector: Both anode and cathode materials are attached to current collectors to improve conductivity of the cell. They are bridging components that collect
electrical current generated at the electrodes and connect with external loads. Commercial current collectors are generally made of Al and Cu foils. Current collectors
used for this work are made of circular stainless steel meshes. Li metal (anode) and
BP/ binder mixture (cathode) are attached tightly to these stainless steel meshes by
means of hydraulic pressing.
Wave Spring: These springs are made of stainless steel and used to maintain good
electrical contacts inside the cell. The wave springs are spot welded to the battery
casing to apply pressure against electrodes by maintaining good electrical contact.
Casing: Casings are also made of stainless steel and used as the enclosure of the
cell. Other than serving as positive and negative terminals of the battery to make
contact with the external circuit, casings cover highly reactive Li and other electrode
materials from exposing to the atmosphere.

2.3.2 Chronopotentiometry
Electrochemical intercalation is done by discharging the assembled cells at a constant current. This discharge method is known as chronopotentiometry, in which the
current at the working electrode is held at a constant level for a given period of time.
The working electrode potential and current are recorded as a function of time. This

32

method is also known as Galvanostatic discharge as the cell is being discharged under
the constraint of a constant current across the external load. Chronopotentiometry
is done by connecting the cell to a battery test system. In battery test systems,
discharge current and final cutoff voltage can be be pre-programmed. Ex-situ coin
cells related to this work were tested using Arbin Instruments LBT21084 16-channel
battery test system (Figure 2.16 a) and in-situ split test cell was discharged using
Metrohm Autolab PGSTAT302N potentiostat/galvanostat unit (Figure 2.16 b).

Figure 2.16.

(a).Arbin Instruments LBT21084 16-channel battery test system,

(b).Metrohm Autolab PGSTAT302N potentiostat/galvanostat unit.

The degree of lithiation x (number of Li atoms intercalated per phosphorus atom,
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i.e., value of x in Lix P) at any given time (t) can be found using,
x=

M It
eNA m

(2.1)

Where M, I, e, NA , and m are the molar mass of phosphorus, discharge current,
electron charge, Avogadro’s number, and BP mass (active mass), respectively. As
all the parameters are constants for a given cell, and if the discharge current is also
constant (galvanostatic), the degree of lithiation (x) is linearly proportional to the
discharge time.

2.4 High-Pressure Equipment
Anvil cell is a small device consists of two opposing diamond anvils with small flat
culet designed put materials under extreme thermodynamic conditions such as high
pressure and temperature. Due to the small area size (A) of diamond culets, a huge
pressure (P) can be generated by applying a moderate force (F), as pressure is defined
by P=F/A. Typical high-pressure anvil devices have an area size of about 100-900
microns and as a result, can generate very high pressure values typically about 100200 GPa. It is even possible to reach pressures as high as 770 GPa using diamond
anvil cells, if the conditions are right. 770 GPa is equivalent to 7.7 million times of the
atmospheric pressure, which helps to imagine the extreme conditions these devices are
capable of generating. The first anvil device for high-pressure studies was developed
by American physicist Percy Williams Bridgeman using tungsten carbide (WC). The
use of diamonds for anvil devices was first reported in 1958 at the National Bureau
of Standards by Charles E. Weir, Ellis R. Lippincott, and Elmer N. Bunting [96].

2.4.1 Diamond Anvil Cell (DAC)
According to the Mohs scale of mineral hardness, single crystal diamond is the
hardest known material with an absolute hardness of 1500 (compare with other min34

erals/gemstone like quartz, topaz and corundum which has absolute hardness of 100,
200 and 400 respectively). In addition to the hardness, diamonds possess another
important characteristic, the transparency. Transparency of diamonds eases sample
loading as it can be observed through an optical microscope. Moreover, many in-situ
optical characterization techniques are possible as electromagnetic radiation can pass
through the diamonds and hits on the sample.

The DAC is composed of two opposing diamond anvils (Figure 2.17). Tips of the
diamonds are flattened (also known as culets). A metallic gasket is placed between
the culets to avoid them from touching. A small hole is drilled at the middle of
the gasket to accommodate the sample and the pressure medium which surrounds
the sample. Back of the diamonds are attached to backing plates. When a force
is applied to the backing plates (by means of a gas membrane or a screw-driven
method), culets are forced to press against each other (with a huge pressure due to
small area of culets). This pressure is then transferred to the sample via the pressure
transmitting medium (typically a liquid or a gas). As the sample is surrounded by
a hydrostatic pressure medium, it experiences the same pressure in all directions.
Pressure is measured by inserting ruby powder alongside with the sample. Ruby has
a pressure dependent photoluminescence spectrum which can be used to calibrate the
pressure inside the DAC (details on this technique can be found in the latter part of
this section). The DAC used for this work is a gas membrane driven Diacell Helios
DAC, manufactured by Almax Easy-Lab Inc. in Belgium. The diamonds have a
culet size of 800 µm (diameter). This DAC is also equipped with a resistive heater
for additional high-temperature applications.
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Figure 2.17. Schematic of Diamond Anvil Cell.
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Figure 2.18. (a) Cross section and (b) outside view of the Diacell Helios DAC

2.4.2 Selection of Diamonds
The outcome of a high-pressure experiment heavily depends on geometry, purity
and and color of the diamonds. Geometry matters for the proper application of
pressure to the sample without damaging the diamonds. As spectroscopic techniques
are used for data collection, transparency to electromagnetic waves (lasers and xrays) is also important. Therefore, selection of pure and clear diamonds with right
geometric shape facilitates Raman or XRD measurements.
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The Gemological Institute of America (GIA) has created a globally accepted standard for the classification of diamonds. This is known as 4C’s of diamond quality:
Carat, Clarity, Cut and Color [97]. Carat (ct) is the unit for measuring mass of
gemstones and 1 ct is equal to 200 mg.

Clarity is a measure of impurities present in both surface and interior of diamonds.
Determination of clarity is based on observing the diamond through an optical microscope under 10x magnification. The surface defects are referred to as ”blemishes”
whereas internal defects are known as ”inclusions”. A diamond for high pressure
experiments must be blemish-free and inclusion-free as possible. Otherwise, these
imperfections may lead to cracks in the diamond during application of high-pressure.
Also, blemishes and inclusions lead to deviations in the optical path of beams coming from spectroscopic instruments which may cause errors in data collection. GIA’s
convention for diamond clarity consists with 6 categories and 11 diamond clarity
grades. As shown in Table, FL grade (flawless grade) diamonds are the most suitable
diamonds for high pressure applications.
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Clarity Grade
Included (I)

Characteristics
Have obvious to minor inclusions at 10x that are likely
to be visible.

Slightly Included (SI)

Inclusions are noticeable at 10x magnification. Inclusions in SI1 diamonds are sometimes visible to the keen
eye without magnification whereas SI2 grade diamond
inclusions are usually visible from the cone-shaped lower
portion, and from the top.

Very Slightly Included

Have minor inclusions that cannot be seen without 10x

(VS)

magnification.

Very Very Slightly In-

Have miniscule inclusions that are difficult even for

cluded (VVS)

trained eyes to see under 10x magnification.

Internally Flawless

Inclusions aren’t visible in internally flawless diamonds

(IF)

under 10x magnification. Some small surface blemishes
may be visible.

Flawless (FL)

Inclusions and blemishes aren’t visible on flawless diamonds, even under 10x magnification. Less than 1% of
all diamonds are FL clarity.

Table 2.1. GIA Convention of Diamond Clarity Grades

GIA standard rates the diamonds according to their color using a scale ranging from
class D (colorless) to class Z (light yellow or brown) (see Table). As the transparency
is important for optical characterizations, colorless (class D) diamonds are the best fit
for high-pressure applications. Otherwise, fluorescence from the diamond may create
unnecessary background signals in optical spectroscopy.

39

Color Grade

Characteristics

L-Z

Faint to Light Color

K

Faint

G-J

Near Colorless

E-F

Colorless

D

Absolutely Colorless

Table 2.2. GIA Standards for Diamond Color

The ”cut” of a diamond refers to how well-proportioned the dimensions of a diamond are, and how the surfaces are positioned. Cut of a diamond anvil plays a
major role in high-pressure experiments, as the size of the diamond culet is the main
deterministic factor for the maximum attainable pressure. Belgium company Almax
easyLab Inc. manufactures several diamond cuts and designs that can be used for
different high-pressure applications (see Figure 2.19). The Diacell Helios DAC used
for this work contain two 16-sided, Diacell-cut diamonds with 3.10 mm diameter and
0.80 mm culet size (Figure 2.20). These diamonds were beneficial for in-situ Raman
experiments as they provide ultra-low fluorescence.

Figure 2.19. Diamond cuts and designs for different high-pressure applications.
(Courtesy of Almax easyLab Inc.)
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Figure 2.20. Diacel-cut, 16-sided diamonds used in Diacel Helios DAC. (Diameter=
3.10 mm, Culet size= 0.80 mm)

Diamonds are supported by two backing plates (also known as anvil seats) when
used in DACs. Typically, backing plates are also made with hard materials like
tungsten carbide (WC) and holds the diamonds in place. Prior to attaching, both
diamond and backing plate surfaces have to be cleaned thoroughly to get rid of any
dust particles that could cause an asymmetry in pressure application which may
lead to a crack. Diamonds can be either glued or force-fitted to the backing plates
depending on the DAC application.

2.4.3 Alignment of Diamonds
Two diamond anvils must be aligned properly prior to any experiment. Misalignment can cause errors in pressure application/calibration and may even damage the
diamonds under high pressure. Therefore, the two diamonds must be lined in such a
way that their culets are parallel with each other (i.e. two culet surfaces must coincide and touch each other perfectly during pressure application). Alignment should
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be done under an optical microscope with extra care and attention to detail. It is
also important to check all the lateral directions of the diamonds under microscope
to ensure proper alignment. Lateral and tilt misalignments are shown schematically
in Figures 2.21 (a) and (b) respectively. Tilt misalignments as in Figure 2.21 (b)
leads to formation of Newtons’s Rings which can be observed from the microscope.
The tiny air wedge created between the two diamonds cause the formation of these
Newton’s rings. Properly aligned diamonds should appear as Figure 2.21 (c) from all
lateral directions.

Figure 2.21. Schematics for possible diamond misalignments: (a). Lateral misalignment, (b). Tilt misalignment and (c). properly aligned diamonds.

42

Figure 2.22. Aligning diamonds under optical microscope. Formation of Newton’s
Rings as shown in the inset is an indication for tilt misalignment.

2.4.4 Gasket Preparation
The gasket is a thin metallic piece kept between two diamonds. The gaskets are
being made from Inconel, an iron, chromium and nickel based super-alloy. Inconel is
a corrosion resistant material well suited for extreme environments like high temperature and pressure. A small hole at the center of the gasket needs to be drilled which
serve as the sample chamber. Before drilling the hole, gasket needs to be pre-indented
between the diamond anvils inside the DAC under some pressure. Pre-indentation
imprints the shape of the diamonds on the gasket (see Figure). It is usual practice to
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pre-indent the gasket so that the thickness of imprinted middle part becomes 1/3 of
the initial gasket thickness. Pre-indentation of the gasket has to be done very carefully
as too much pressure or unclean gaskets may cause the diamonds to fracture.

Figure 2.23. (a). Blank Inconel gskets, (b). Blank gasket inside DAC cylinder, (c).
Indented gasket, (d). Magnified view of the indentation.

The next step after indentation is to drill a small hole (0.1 - 0.3 mm in diameter)
which serves as the sample chamber. This hole will later be filled with liquid pressure
medium and the sample will be submerged in that medium. Microscopic drilling of
this scale is done by a special technique called Electrical Discharge Machining (EDM).
In this technique, material is being removed by a series of electrical discharges between
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two electrodes, resulting a hole. The tool (a needle that generate electrical sparks)
serves as one electrode whereas the workpiece (the object that needs to be drilled:
gasket, in this case) serves as the other electrode. Two electrodes are separated by a
dielectric liquid and there is a potential difference between them. If the tool-electrode
and workpiece-electrode are close enough to discharge an electric spark but far enough
not to make physical contact, electrical discharge machining can take place. Due to
the miniature scale of this action, the process needs to be done under the microscope
(Unitron ZSB 823986). A Hylozoic Products micro EDM system was used for this
work. It is equipped with an electronic unit (for tool control, limit setting, and
run/stop selection etc.) and a machining unit where the discharge energy and peak
power can be controlled. As the hole diameter is proportional to discharge energy
and peak power, the settings have to be predetermined according to the size of the
hole required.
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Figure 2.24. Electronic control unit for EDM (Image credits: Hylozoic Products)

46

Figure 2.25. EDM Machining Unit (Image credits: Hylozoic Products)

The EDM system, Unitron ZSB 823986 optical microscope, drilling action and
magnified view of a finished gasket are shown in Figure 2.26 (a), (b), (c), and (d)
respectively.
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Figure 2.26. (a). EDM unit, (b).Unitron ZSB 823986 microscope, (c). Drilling in
action, (d). Magnified image of a drilled gasket.

2.4.5 Sample Loading and Pressure Medium
After pre-indentation and drilling, the gasket is ready for sample loading. Typically,
the sample should fill about a half of the gasket hole, and needs to be surrounded
by a pressure-transmitting medium (PTM). Also, the sample should not make any
contact with the gasket as the pressure needs to be hydrostatic. (i.e. Sample should
experience the same pressure in all directions. Therefore, any contact with the gasket
may violate this requirement.) As the diameter of the gasket hole is about 0.2 mm,
lateral dimensions of the sample has to be significantly smaller than that to have
proper hydrostatic effects. The sample must be handled and transferred to the gasket
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hole using micron-scale needle tips, while observing under microscope. After properly
placing the sample inside the gasket hole, liquid PTM needs to be applied so that it
surrounds the sample and fills the gasket hole. Air bubbles should be removed for
best results. A µL pipette can be used to apply the PTM.

PTM plays an important role in high-pressure experiments. Therefore, selecting the
right PTM is essential. In general, PTM should be a soft, incompressible fluid, which
is chemically inert. Moreover, the PTM should have a very high hydrostatic limit.
In other words, PTM should not undergo phase transitions in the applied pressure
region which may lead to wrong conclusions. Both gases and liquids are widely used
as PTMs in high-pressure experiments. But liquid PTMs are preferred as gas loading
into a DAC is a difficult procedure. For high-pressure experiments mentioned in this
work, dimethylformamide (DMF) was used as the liquid PTM. In addition to the
features mentioned above, colorlessness and the absence of Raman peaks (near black
phosphorous) make DMF a good candidate for high-pressure studies involving black
phosphorous samples.

After sample loading (and application of PTM), the DAC can be closed by inserting
the piston into the cylinder. Note that one diamond anvil is attached to the cylinder
(the gasket/sample is mounted on this diamond) whereas the other diamond is attached to the removable piston (See Figure 2.18 (a)). Even though diamonds are hard
materials, they are extremely brittle and may crack/ break immediately upon sudden
impacts. Therefore, care should be taken and any sudden impact should be avoided
while pushing the piston into the cylinder. Special extraction tools and screws can be
used (Figure 2.27) for handling to avoid impacts between the two diamonds during
cell closure.
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Figure 2.27. Extraction tools and screws for DAC handling.

2.4.6 Pressurizing the DAC
The DAC can be pressurized by pushing the piston inwards into the cylinder so
that the diamonds approach further towards each other. This can be done by either
twisting screws (the screws move piston into the cylinder resulting the diamonds to
press against each other) by hand or using a gas membrane.

There are four screws on the DAC to push the piston. Therefore, for twisting
method, one must make sure to turn all the screws by the same same angle every
time (to avoid tilted contact between the diamonds). This can be done by keeping
the screws at equal height. A vernier caliper can be used to track the travelling
distance of each screw. However, using a gas membrane is by far the best technique
to pressurize DACs as the force can be transferred uni-axially through the membrane.
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Figure 2.28. Gas membrane attached to the DAC piston.

The gas membrane can be attached to the top of the DAC (see Figure 2.28). A
small stainless-steel tube feeds compressed gas into the gas membrane which causes
the membrane to expand. As the membrane is attached to the DAC’s piston, it tries to
expand by pushing the piston downwards, thus generating pressure between diamond
anvils. The expansion of the gas membrane (therefore, pressure inside the DAC)
can be controlled using a gas membrane (GM) controller (Figure 2.29). The GM
controller serves as the mediator between a compressed gas tank (3500 psi nitrogen
gas tanks were used in this work) and the gas membrane. It keeps the pressure inside
the gas membrane at a desired value by exhausting excess gas fed by the gas tank.
Gas pressure (in bars) inside the membrane is indicated by an LCD screen. This
value is required to calculate pressure inside the DAC (typically in gigapascals).
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Figure 2.29. Easylab Gas Membrane Controller.

2.4.7 Pressure Calibration
Though the gas membrane pressure is known, there is no direct method to measure
the pressure inside the DAC. Therefore, indirect techniques like ruby photoluminescence (PL) spectra are widely used for pressure calibration.Ruby (Al2 O3 :Cr) is pink
to red colored gemstone. It’s PL spectrum consists with two peaks appearing at
wavelengths between 690 to 700 nm which correspond to energy levels of chromium
(Cr). The peaks at lower and higher wavelength are known as Ruby R1 and R2 line
respectively. It has been found that the ruby R2 line red-shifts as a function of pressure [98–101]. Therefore, this phenomena is being utilized to calibrate the pressure
inside the DAC (and hence the pressure experienced by the sample) by adding few
ruby chips into the pressure medium alongside with the sample. As the wavelength
shift for a given gas pressure is known, pressure (P) inside the DAC can be easily
calculated by using the following equations [101, 102].

P = 1870

∆λ
∆λ
(1 + 5.9
)
λ0
λ0

∆λ
λ − λ0
=
λ0
λ0
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(2.2)

(2.3)

Where λ0 and λ are the wavelengths of Ruby R2 line at ambient pressure and
pressure P respectively. Using this equation and the plot for Ruby shift vs Gas
pressure (Figure 2.31), gas pressure (in bar) required to achieve any DAC pressure
(in GPa) can be calculated.

Figure 2.30. Ruby

Figure 2.31. Pressure dependence of Ruby PL spectra
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Figure 2.32. DAC mounted inside Raman spectrometer for in-situ high pressure
measurements.

2.5

Characterization Techniques

In the presented work, several material characterization techniques have been
used.

These techniques include Raman spectroscopy, Photoluminescence spec-

troscopy (PL), X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and
Energy Dispersive X-ray Spectroscopy (EDS). Each technique has unique characterization capabilities that became useful at different stages of this work. In this chapter,
each characterization technique is described in general including principles and applications followed by the specific characteristics for black phosphorous as observed
in these techniques.

2.5.1 Raman Spectroscopy
In general, all forms of spectroscopy use a type of interaction between electromagnetic
waves/photons (typically generated by the characterization instrument) and the ma-
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terial being tested. These interactions may include (but not limited to) transmission,
reflection, refraction, diffraction, scattering and absorption. In Raman spectroscopy,
the scattering effects caused by such interactions are used to develop a fingerprint for
the materials being tested. Typical Raman spectrometer consists with a monochromatic illumination source, movable stage for mounting the sample, and a mechanism
to collect the light scattered by the material. A laser is used as the monochromatic
illumination source (also known as the excitation source). Illumination source generates photons that interacts with electrons of the material. While most photons
simply transmit through the sample, a very small fraction (about 1%) of the photons
get scattered by the material.

Figure 2.33. Working principle of Raman spectroscopy.

When incident photon collides with an electron of the material, the electron absorbs
photon energy (hνi , where h and νi are the Plank constant and incident photon
frequency respectively) and excites from its initial vibrational state to a temporary
virtual state. Then the excited electron falls back from the virtual state to an energy
level by emitting a photon (also known as scattered photon) with energy hνs (where
νs is the frequency of scattered photon) upon its return. Depending on the energy
difference between incident and scattered photons, scattering can be threefold.
If the scattering is elastic, then the electron falls back to its initial vibrational state,
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emitting a photon which has the same energy as incident photon (hνi =hνs ). This
phenomenon is known as Rayleigh Scattering.
The scattering needs to be inelastic in order to be detected in Raman spectroscopy.
If the electron falls back to a higher energy state than its initial vibrational energy,
scattered photon has less energy than the incident photon (hνi >hνs ). This is known
as Stokes Raman scattering. The energy difference between incident and scattered
photon is balanced by creation (emission) of a phonon, which is a vibrational energy quantum. According to energy level diagram in Figure 2.34, the equation for
conservation of energy can be written as follows.
hνi = hνs + ∆E

(2.4)

Where, ∆E is equal to the energy of emitted phonon.
On the other hand, if the electron falls back to a lower energy state than its initial
vibrational energy, scattered photon has a higher energy than the incident photon
(hνi <hνs ). This is known as Anti-Stokes Raman scattering. The extra energy required for the scattered photon is provided by absorption of a phonon. According to
the energy level diagram in Figure 2.34, the equation for energy conservation can be
written as follows.
hνi = hνs − ∆E

(2.5)

Where, ∆E is equal to the energy of absorbed phonon. However, it is noteworthy
that inelastic (Stokes and Anti-Stokes) scatterings are rare phenomena compared to
Rayleigh scattering. It was found that the probability of inelastic scattering is about
one-millionth of elastic scattering.
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Figure 2.34. Energy states diagram for scattering.

These phonon energies are characteristic to a given material and thus can be used
for materials characterization. Indian physicist C.V. Raman (1888-1970) first discovered this effect and was awarded the Nobel prize in 1930 for his discovery. Since the
invention of commercial lasers in 1960s, Raman spectroscopy has become a widely
used material characterization technique. In addition to mere identification, Raman
spectroscopy is also sensitive to the changes in material structure due to external
stimuli such as intercalation and pressure as these external stimuli affect vibrational
energies of the material. Therefore, Raman spectroscopy is useful for studying systematic evolution of the material structure under the influence of different external
stimuli which have been used extensively in this work on black phosphorous.
As mentioned earlier, Raman spectroscopy provides the spectrum of vibrational energies of a material. A crystalline material can be modelled as a mass-spring system
where vibrations can occur along different spacial directions within the material.
These are known as vibrational modes and may appear in the Raman spectrum as
different peaks. However, all the vibrational modes are not Raman-active, i.e., not all
appear in the Raman spectra. To be Raman active, a given vibrational mode needs
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to cause a change in the molecular polarizability.
There are 12 possible atomic vibrational modes (phonon modes) for BP [21] . Among
these, there are six Raman-active modes, two infrared-active modes, three acoustic
modes, and one silent mode [20, 21, 103].
Raman Active

IR Active

Acoustic

Silent

A1g

B11u

B21u

Au

A2g

B22u

B3u
B12u

B2g
B1g
B13g
B23g

Table 2.3. Phonon modes of Black Phosphorous

From the six Raman active modes, A1g , B2g and A2g are the most typical and commonly observed modes for bulk black phosphorous. They represent vibrations along
out-of-plane direction, in-plane zigzag direction and in-plane armchair direction respectively. Schematic representation of each mode is shown in Figure 2.35. In a
Raman spectrum of bulk black phosphorous, peaks correspond to these modes can
be found around 365 cm−1 , 440 cm−1 and 468 cm−1 respectively [104–106]. Raman
spectroscopy data for this work were collected using Renishaw inVia Raman/PL spectrometer (Figure 2.37) equipped with a 633 nm (red) He-Ne excitation laser, CCD
detector, 50X objective lens, and 1200 lines per mm grating.
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Figure 2.35. Main vibrational modes of black phosphorous.

Figure 2.36. Raman spectrum of bulk black phosphorous.
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Figure 2.37. Renishaw InVia Raman/PL Spectrometer.

2.5.2 Photoluminescence Spectroscopy
Often both PL and Raman capabilities are available together in the same bench
top assembly, as the same laser excitation and optics can be used for both techniques.
In a nutshell, electrons in the material under test are stimulated by a light source
which causes the electrons to jump to a higher energy state (photo-excitation). As
the electrons return to lower energy states, it release energy through non-radiative
(phonons) and radiative (photons) processes. Emission of this energy by means of
light or luminescence is known as photoluminescence and can be used to characterize
several material properties.
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Figure 2.38. Energy states diagram for photoluminescence

A wide array of excitation wavelengths ranging from UV to near-infrared are used
for PL spectroscopy. Sample volume of the tested material can also be controlled
by changing the penetration depth. PL spectroscopy is widely used in many applications like band gap determination, material quality testing, study of molecular
structure and crystallinity, study of recombination mechanisms, impurity levels and
defect detection.

In this work, PL spectra have been used extensively for a different purpose. That
is, to determine the pressure inside diamond anvil cells. Ruby is a pink to blood
red colored gemstone material with a characteristic PL spectra which is pressuredependent. Therefore, PL spectra of ruby have been used to calculate the pressure
during high pressure studies of black phosphorous.More details on ruby PL pressure
calibration and high pressure studies can be found in the dedicated chapter.
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2.5.3 X-ray Diffraction (XRD)
As wavelengths of x-rays (0.01 to 10 nm) are comparable to the size of atoms
and atomic spacings, they can be implemented to reveal vital information about the
arrangements of atoms or molecules in a crystal. When a sample is being hit by xrays, the crystalline lattice structure of the sample causes the incident x-ray beam to
diffract into different specific angles. Diffracted rays can interfere either constructively
or destructively. Condition for constructive interference where the intensity maxima
are detected can be explained by Bragg’s law (equation 2.6).

2d sin θ = nλ

(2.6)

where d is the spacing between crystal layers, θ is the angle between incident xrays and scatter plane, λ is the x-ray wavelength and n is an integer (also known as
diffraction order). Therefore, if the incident angle can be measured and the x-ray
wavelength is known, layer spacing for the crystal lattice can be calculated.

Figure 2.39. Schematic for Bragg’s law of diffraction.
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Typical x-ray diffractometer consists with a x-ray source, sample holder and x-ray
detector. Either sample holder or the x-ray source is rotatable so that the incident
angle θ can be changed. For each incident angle, the detector collects intensities
of diffracted x-rays at an angle 2θ, thus an intensity versus 2θ graph, known as Xray diffraction pattern can be obtained. Using this spectrum, a crystallographer can
identify the mean positions of the atoms within the crystal, their chemical bonds, their
crystallographic disorder, and various other information. Each material produces its
own diffraction pattern, and each peak corresponds to a particular atomic plane.
Users can compare their diffraction pattern with a database of thousands of other
patterns to identify unknown materials in the sample as well as their crystal structure.

X-ray diffractometer system used for this work is a BRUKER Discover D8 HRXRD located at the materials characterization facility of Conn Center for renewable
Energy Research. The system is also equipped with ICCD PDF-2 database which
allows phase identification and composition analysis.
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Figure 2.40. BRUKER Discover D8 HR-XRD sytem.

XRD spectrum for pristine black phosphorous is shown in Figure 2.41. Red lines
indicate the planes and corresponding Miller indices for each peak. Values for dspacing at each plane (obtained from the ICCD PDF-2 database) are also shown. A
systematic analysis of black phosphorous XRD spectra with different degrees of Li
intercalation can be found in chapter 4.
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Figure 2.41. (a). d-spacing values and Miller indices of BP crystallographic planes.
(b). XRD spectra of pristine bulk BP.

2.5.4 Scanning Electron Microscopy (SEM)
SEM is a useful imaging tool when the magnifications beyond the capabilities of
optical microscopes are necessary. As optical microscopes use light to visualize the
material, electron microscopy uses a beam of electrons to create the image of the
material being tested. SEM is equipped with an electron gun to produce electrons.
Thermionic emission of electrons from a filament heated up to about 2000-2700 K is
used to generate electrons inside the gun.
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Upon interaction with the material, these incident electrons can undergo different
processes. Some electrons can be reflected, or absorbed by the material, while some
electrons can excite the material to release secondary electrons. By detecting the
backscattered or secondary electrons, a computer generated image can be produced
to visualize the surface topography of the material.

Target materials may also radiate x-ray photons upon interacting with the incident
electron beam. Detection of these x-ray photons can be used to probe the elemental
composition of a sample. Therefore, some scanning electron microscopes are also
equipped with an x-ray detector. This technique is referred to as energy dispersive
x-ray spectroscopy (EDAX or EDS). From such SEM systems, users can not only
image the surface topography of the sample, but its constituent elements can also be
identified. For this work, a TESCAN Vega3 SEM (Figure 2.42) with EDAX capability
was used.

Figure 2.42. TESCAN Vega3 Scanning electron microscope.

66

2.5.5 Transmission Electron Microscopy (TEM)
Similar to SEM, TEM also uses an electron beam for sample imaging. But in TEM,
electrons need to be transmitted through the sample to create an image. Therefore,
only thinner samples (thickness less than 100 nm) can be imaged using this technique. Transmitted electrons are detected by a fluorescent screen which forms the
image. While transmitted electrons contribute to form the image, a fraction of incident electrons can also be scattered by the sample. An aperture can be used to
block the scattered electrons. In a TEM image, thinner sections of the sample appear
brighter whereas thicker sections appear darker as thicker parts absorb and scatter
more of the incident electrons.

Wave-particle duality of electrons suggests that electrons can show several other
wave properties, including diffraction. As x-ray beam does in XRD, electron beam
in TEM can also diffract upon interaction with sample. If the conditions are right,
these diffracted electrons can also interfere constructively, thus Bragg’s law can be
applied. Detected electron diffraction pattern of a particular crystalline sample consists with bright spots, where each spot representing a specific crystallographic plane.
Analysis of these electron diffraction pattern helps to identify important crystallographic information like orientation of atomic planes and atomic arrangements. This
added feature in TEM is known as selective area electron diffraction (SAED). The
term ”selective” is used as the user can easily select the sample’s area of interest for
the diffraction pattern using a ”selected area aperture”. For this study, high resolution TEM images of black phosphorous were taken from a 200-kV FEI Tecnai F20
FEG-TEM/STEM system (Figure 2.43).
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Figure 2.43. FEI Tecnai F20 FEG-TEM/STEM system.

2.5.6 X-ray Photoelectron Spectroscopy (XPS)
XPS is a characterization technique specifically used to study the surface chemistry
of a material. Often the surface of a material is different from the bulk, especially for
nanomaterials. As the size of the material decreases, a larger percentage of atoms can
be found at the surface. Therefore, properties of the nanomaterials are dominated by
surface properties. Thus, understanding surface chemistry is important.
In XPS, the ”surface” can be defined as the top 10 nanometers of a sample. The
basic idea is that the material of interest is being hit by high energy x-ray photons
(with energy hν) which knock inner shell electrons out of the sample. This phenomenon is known as the photoelectric effect and the ejected electrons are referred
to as photoelectrons. Then the kinetic energy (KE) of these photoelectrons are measured by a detector so that the binding energy (BE) can be calculated as shown in
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equation 2.7.

BE = hν − KE − Φ

(2.7)

Where, Φ is the work function of emitted electrons.

Upon scanning a sample, a spectrum demonstrating the number of electrons emitted at each binding energy is created. The binding energy data can be used to
identify elements and their electronic states as each element has specific binding energy corresponding to each atomic orbital. XPS can identify binding energies of all
elements except hydrogen and helium. XPS experiments take place in ultra-high vacuum chambers, where pressures are typically in the 10−9 Torr range. Most common
x-ray sources used in XPS have an energy of about 1.5 keV. In this work, electron
binding energies of P 2p shell in pristine and Li intercalated black phosphorous were
compared using a VG Scientific Multilab 3000 x-ray photoelectron spectrometer. A
detailed analysis can be found in chapter 3.

Figure 2.44. VG Scientific Multilab 3000 XPS system.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 Electrochemical Li Intercalation in Black Phosphorus: In Situ and Ex Situ Studies
Due to weak Van der Waals bonds between layers, BP can also accommodate
guest species between its interlayer spacing via intercalation, like many other layered
materials [46]. Previous works have shown that alkali metal-intercalated BP leads
to tunability of the band gap [107], and more importantly, the capability to host
alkali metals can make BP a good candidate for electrode materials for rechargeable
ion batteries [46]. Theoretical calculations predict specific ion storage capacities of
BP can be as high as 2596 mAhg−1 for Li-ion batteries and Na-ion batteries, which
is almost seven times higher than commercially available graphite-based materials
[46]. In spite of these promising properties, BP faces some setbacks and tends to
degrade when exposed to ambient oxygen and moisture, which eventually restricts
the performance of BP devices [108]. In the recent past, many works have been
carried out to minimize these degradation effects while preserving and enhancing the
intercalation capabilities of BP-intercalated materials [109].

In 1986, Maruyama et al. intercalated cesium, lithium, iodine, pyridine, or ammonia with BP. Even though the evidence for intercalation was acquired by X-ray
diffraction, homogeneity and stability of these compounds remained a concern [110].
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With the boom of Li-ion batteries after early 1990s, several studies carried out on
alkali metal intercalation of BP, both experimentally and theoretically. A recent density functional theory calculation has shown that strong Li bonding with P atoms
and the shallow energy barrier (0.08 eV) for Li diffusivity along the zigzag direction leads to 100 (and 10,000) times faster diffusion rates compared to MoS2 (and
graphene) at room temperature [111]. Using liquid ammonia intercalation, Zhang et
al. has reported the intercalation of several alkali metals (Li, K, Rb, and Cs) and
Ca, which is an alkali earth metal with BP and the apparent superconductive properties of these intercalated compounds [74]. Several in-situ characterization techniques
have also been reported in the recent past, as studying the time evolution of BP
with intercalant diffusion is of extreme importance. Xia et al. have reported direct
visualization of electrochemical lithiation and delithiation behavior of BP using in
situ transmission electron microscopy (TEM) [47]. Apart from visualization, changes
in atomic vibrational modes (i.e., phonon modes) reveal a different insight about intercalation mechanisms. The study of vibrational modes using Raman spectroscopy
is a way not only to study the composition of the material but also to understand
the time evolution of vibrational modes of BP under the diffusion of guest species.
Compared to other characterization techniques, relatively less work has been carried
out on in-situ Raman spectroscopy of intercalation in BP to date.

Herein, this work reports in-situ Raman spectroscopy of Li-intercalated BP produced using electrochemical means and in comparison with ex-situ intercalation using
typical coin cell assembly. The research of Li intercalation and its effects on the BP
structure is motivated by our recent theoretical calculations, which suggest that the
structural phase transition may occur under high degree of lithiation [112]. Specifically, those calculations have shown that under such conditions, some of the inserted
Li atoms could pull neighboring P atoms, cause the P-P bonds to break and form
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and lead to the subsequent structure reconstruction and phase transition from black
to blue phosphorus.

3.1.1 Ex-situ Electrochemical Intercalation.

Figure 3.1. Schematic representation of electrochemical Li intercalation.

Figure 3.1 schematically represents the mechanism for electrochemical Li intercalation of BP. During the discharge across an external electrical load, Li atoms in the
anode eject electrons from the outermost shell to become Li+ ions.

Li+ =⇒ Li+ + e−

(3.1)

These Li+ ions migrate toward the BP cathode through the permeable separator
while ejected electrons reach the cathode via external circuit, resulting in an insertion
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of Li atoms into the Van der Waals gaps of phosphorene layers.

xLi+ + P + xe− =⇒ Lix P

(3.2)

Coin cells for ex-situ studies were made using BP and lithium as cathode and anode
materials, respectively (Figure 2.13). A 5 mg of binder material (polytetrafluoroethylene (PTFE) and acetylene black) was added with 10 mg of black phosphorus flakes
in order to enhance the conductivity of the cathode as BP alone is not conductive
enough for an efficient intercalation process. Both electrodes were attached to meshed
stainless steel current collectors to further improve the charge transfer inside the cell.
A 1 M solution of lithium hexafluorophosphate (LiPF6 ) in ethylene carbonate and
dimethyl carbonate (1:1 ratio) was used as the electrolyte medium, and the complete
cell assembly was carried out in an argon-filled environment to avoid degradation of
both lithium and BP caused by air and moisture.

Assembled coin cells were discharged in galvanostatic mode to different final voltages (1, 0.8, 0.3, and 0.005 V) at 10 mA/g constant discharge current using a 12channel Arbin battery testing system. Galvanostatic discharge curves for ex-situ coin
cells are shown in Figure 3.2.
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Figure 3.2. Voltage versus time curves for ex-situ Li intercalation discharged down
to the final voltages of 1 V (green), 0.8 V (red), 0.3 V (blue), and 0.005 V (brown)
at I = 10 mA/g. Inset shows the same in logarithmic time scale to show the details
at shorter times.

The degree of lithiation x (number of Li atoms intercalated per phosphorus atom,
i.e., value of x in Lix P) at any given time (t) can be found using,
x=

M It
eNA m

(3.3)

Where M, I, e, NA , and m are the molar mass of phosphorus, discharge current,
electron charge, Avogadro’s number, and BP mass (active mass), respectively. Discharged coin cells were opened, and intercalated BP electrodes were characterized by
means of Raman spectroscopy (Renishaw inVia with a 632 nm He-Ne laser). Black
phosphorus has three main Raman active phonon modes, namely, A1g , B2g , and A2g ,
which corresponds to vibrations along out-of-plane, in-plane zigzag, and in-plane
armchair directions, respectively [113]. As a result of intercalation, peak positions
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of all three Raman modes observed to be downshifted with an increasing degree of
lithiation (Figure 3.3 a,b). Relative peak shifts between two consecutive degrees of
lithiation were found to be decreasing with an increasing degree of lithiation, as can
be seen in Figure 3.3 b. A second degree polynomial was fitted to capture this trend
(Figure 3.3 b). It was also found that peaks for modes B2g and A2g shifts about 1.6
times faster than A1g (the yellow shade in Figure 3.3 a). Peak broadening as a result
of lithiation was also significant, and full width at half maximum (FWHM) for all
three modes found to be increasing, which can be approximated by a linear function
fit (Figure 3.3 c).

Previous works [114–117] show the usage of Raman scattering downshift per mobile
charge carrier per host atom (dω/dx) as a measure of charge transfer due to intercalation, especially for 2D host materials like graphene. dω/dx values of about 280, 340,
and 370 cm−1 /electron per C atom were reported for potassium-intercalated graphite
(KC8 ) [115, 116], alkali-intercalated C60 fullerenes [117], and Single-walled carbon
nanotubes (SWCNT) [114], respectively. In this study, downshifts of Raman peaks
(dω) per charge transfer per P atom (i.e., degree of lithiation x) were also evaluated
for the three Raman modes. dω/dx values were 12.7, 19.8, and 20.5 cm−1 /electron
per P atom for modes A1g , B2g , and A2g , respectively.
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Figure 3.3. (a). Ex situ Raman spectra of black phosphorus (obtained at 632 nm
excitation using a Renishaw inVia Raman spectrometer) taken at each final discharge
voltage. Blue, red, and green represent spectra corresponding to final discharge voltages of 0.3, 0.8, and 1 V, respectively. The spectrum of the pristine sample is also
shown (black) for comparison. (b). Peak position versus degree of lithiation x (x as
in Lix P), the dotted lines represent guides to the eye/second degree polynomial fit.
(c). Full width at half maximum (FWHM) versus x, the dotted lines represent linear
fits.

The strong interaction between phosphorus atoms and intercalated lithium atoms
was also observed in Xray photoelectron spectroscopy (XPS) analysis.

High-

resolution phosphorous P2p spectra obtained from pristine and lithium intercalated
black phosphorous electrodes are shown in Figure 3.4. Although, each spectrum
shows two peaks, their origin differs between these samples. The peaks observed for
the pristine sample are located at 129.7 eV and 134.0 eV and correspond respectively to black phosphorous [118] and residual electrolyte remaing on the electrode
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surface [119]. After the lithation, the P2p peak of BP redshifts by 1 eV to about
128.7 eV. Such a downword chemical shift of the P2p peak is typical for metal phosphides [120]. Therefore, it is most likely that the 128.7 eV peak originates from the
P-Li bonding. Concering the second P2p peak in the lithiated sample, observed at
around 134.5 eV, it may originate from electrolyte or oxidized surface layer of lithium
phosphide [119, 121]. In addition to chemical shifts, the broadening of the P2p peaks
is obsevred after the lithiation which is consistent with intercallation-induced inhomogeneities observed also in other measurements.

Figure 3.4. XPS P2p spectra of (a). pristine BP and (b). BP electrode after
Li-intercalation.

Transmission electron microscopy (TEM) (using 200-kV FEI Tecnai F20 FEGTEM/STEM), optical Nomarski contrast microscopy, and X-ray diffraction (using
Bruker Discovery D8 HR-XRD) were also done for further characterization. TEM
results from pristine and Li-intercalated BP samples are compared in Figure 3.5.
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Figure 3.5. TEM analysis of Li-intercalated BP. HAADF-STEM images of BP
flakes (a) before and (b) after Li-intercalation. Nomarski interference contrast optical
micrographs of BP flakes (c) before and (d) after Li-intercalation. SAED patterns of
BP flakes (e) before and (f) after Li intercalation. Unit cells of corresponding spot
lattices are marked with green and red rectangular boxes, respectively. (g) TEM
image of a Liintercalated BP. A network of elongated groves running approximately
along the armchair direction is visible. The corresponding SAED pattern is shown as
an inset. (h) Side and (i) top view of an atomic structure of a phosphorene layer.

The study showed that the higher level of Li intercalation led to a dense network
of approximately parallel groves inside BP grains. This can be seen from the comparison of Figure 3.5 a,b, where high-angle annular dark field scanning TEM (HAADFSTEM) images of pristine and Li-intercalated BP grains are shown. This network
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of nearly parallel groves was also observed in optical micrographs with Nomarski interference contrast. Optical micrographs of typical pristine and Li-intercalated BP
grains are shown in Figure 3.5 c,d, respectively. Selected area electron diffraction
(SAED) was used to probe the intercalation-induced crystal structure changes of individual BP grains. Single crystal SAED patterns were recorded from individual BP
flakes in Li-intercalated samples and were compared with the ones obtained for flakes
of pristine BP. Typical SAED patterns from a pristine and Li-intercalated BP grain
are shown in Figure 3.5 e,f, respectively. For highly Li-intercalated BP (the Li/P
ratio of 0.96), the SAED data indicate the change of the in-plane unit cell. The main
change of up to approximately 19% is observed along the c-direction, while there is
almost no change along the a-direction. BP has a layered puckered structure along
the c-direction (also known as the armchair (AM) direction). This structure can be
modeled as a network of connected hinges, which helps to explain the reported highly
anisotropic deformations under strain, i.e., easy (low energy) deformation along the
c-direction (i.e., along the AM direction) as compared to small (high energy) deformations along the a-direction (i.e., along the zigzag (ZZ) direction). The large increase
in the c-lattice parameter in Li-intercalated BP, as revealed by SAED analysis, indicates the incorporation of Li atoms in the channels of the puckered BP structure, and
its unfolding. SAED analysis was also used to determine the alignment direction of
the grove network observed in the Liintercalated BP. An intermediate magnification
TEM image of a Li-intercalated BP flake, with such network visible, is shown in Figure 3.5 g. The groves are found to run along the a-direction (i.e., the ZZ direction),
as determined based on the SAED pattern analysis (see the inset). Interestingly, the
ZZ direction is an easy Li diffusion direction. The diffusion of Li is 1.6 × 109 times
faster along the ZZ direction than along the AM direction [111] and take place mostly
inside the channels of the puckered structure [122]. The results clearly indicate that
the Li diffusion along these channels leads to the grove formation and segmentation of
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BP flakes into weakly connected nano-ribbon like strips running along the a-direction.
Recently, there has been a report of using Li intercalation of BP via a low temperature,
ammonia-based method followed by immersion in an aprotic solvent and mechanical
agitation for producing liquid dispersions of phosphorene nanoribbons [123]. It seems
that our Li-intercalated BP via an electrochemical route also produces a promising
precursor for high volume fabrication of phosphorene nanoribbons.

Figure 3.6. (a) X-ray diffraction (XRD) spectra taken at the final discharge voltages.
Blue, red, green, and black represent 0.3, 0.8, and 1 V final voltages as well as the
pristine sample, respectively. Intensity of the pristine sample is reduced by a factor of
0.13 for clarity. (b) Peak area versus degree of lithiation, x. The dotted lines represent
guides to the eye/exponential fits. (c) Full width at half maximum (FWHM) versus
x. The dotted lines represent guides to the eye/second degree (040) and third degree
(060) polynomial fits.

XRD patterns at different discharge voltages (which corresponds to different degrees of lithiation, x) are shown in Figure 3.6 a. Peaks that originally belongs to
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BP are labeled in black. As the BP cathode also consists of other material like Li,
binder, and stainless-steel current collector, diffraction peaks arising from those materials were also apparent in XRD spectra (labeled in grey). BP peaks of the pristine
sample had a significantly high intensity, which overshadows the peaks from other
material in the spectrum. Therefore, spectral intensity of the pristine sample was
reduced by a factor of 0.13 for the clarity of representation. Peaks corresponding to
(040) and (060) crystallographic planes of BP were fitted to obtain peak area versus
x (Figure 3.6 b), and FWHM versus x (Figure 3.6 c) as other BP peaks were diminished upon lithiation. It was observed that for the transition from pristine to the least
degree of lithiation (x = 0.21), the peak area for both crystallographic planes were
reduced by about 90%. However, further lithiation barely changed the peak area as
broadening peak widths (Figure 3.6 c) compensate for the decreasing peak heights.
This rapid reduction of the out-of-plane reflections (i.e., (0k0)-type) indicates that
effective thickness of coherently bonded flakes was significantly reduced upon the
lithiation. This was probably due to the fact that the Li inserted between the BP
layers resulted in the weakening/breaking of the Van der Waals interactions between
the neighboring layers, which led to the loss of the long-range periodicity along the bdirection. In other words, the Li intercalation resulted in a partial effective exfoliation
of BP flakes.

3.1.2 In-situ Electrochemical Intercalation.
A dedicated electrochemical split test cell with a quartz window (MTI corporation)
was used for in-situ Raman analysis, and discharging was done at 50 mA/g current
using an Autolab PGSTAT302N galvanostat unit. A schematic of the system is shown
in Figure 3.7 a. While the in-situ cell functions as a typical electrochemical cell, the
quartz window on top allows the laser beam to be focused onto the BP cathode,
and hence, real-time Raman spectroscopy was obtained at different instances of time
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(at different degrees of lithiation, x) while the cell discharge (i.e., intercalation) is in
progress. Voltage versus time profile for the in-situ cell is shown in Figure 3.7 b, and
grid lines show the instances where Raman spectra were collected.

Figure 3.7. (a) Schematic diagram of the setup used for in situ-electrochemical Li
intercalation experiment. Also shown are the side and top view images of the in situ
electrochemical cell. (b) Voltage versus time curve for in situ Li intercalation in bulk
phosphorus at I = 50 mA/g. The grid lines show the instances where Raman spectra
were collected.

As in the case of ex-situ intercalation, Raman spectra of all three vibrational modes
for in-situ intercalation were also observed to be downshifted with the increasing
degree of lithiation (Figure 3.8 a). Furthermore, for each instance the downshifts
of modes B2g and A2g were about 1.6 times more than the downshift of mode A1g ,
which is also consistent with the results for ex-situ intercalation. The downshift
of peak positions as a function of degree of lithiation (x) and the peak broadening
(FWHM) as a function of x are shown in Figure 3.8 b,c, respectively. The second
degree polynomial nature of the peak shift and the linear nature of peak broadening
are also noteworthy as the trends match exactly with the ex-situ results (Figure 3.3
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b,c).

Figure 3.8. (a) In-situ Raman spectra of black phosphorus (obtained at 632 nm
excitation using a Renishaw inVia Raman spectrometer) at different times (different
degrees of lithiation, x). (b) Peak position versus degree of lithiation x (x as in Lix P).
Dotted lines provide guide to the eye with second order polynomial fits. (c) Full
width at half maximum (FWHM) versus x. Dotted lines provide guide to the eye
with linear fits.

3.1.3 Theoretical Calculations.
The experimental results on Li intercalated BP were backed by first principle calculations based on density function theory (DFT). The credit of this theoretical work
goes to Dr. Ming Yu and Md. Rajib Khan Musa.

First principle calculation based on DFT [124,125], was performed using Vienna Ab
initio Simulation Package (VASP) [126].The electron-ion interactions were described
by projector augmented wave (PAW) [127], and electron exchange-correlation were described by generalized gradient approximation (GGA) [128] in the scheme of Perdew83

Burke-Ernzerhof (PBE) [129].The effect of Van der Waals interaction is considered by
employing the semi-empirical correction scheme of Grimme et al. [130] (DFT-D3 in
VASP), which will be used to optimize the equilibrium interlayer distance between 2D
monolayers. A 1 × 1 × 1 rectangular unit cell with eight phosphorus (P) atoms was
used as the BP sample to study Li intercalation. Optimized lattice constants of black
phosphorus are a = 3.326 Å, b = 11.18246 Å, and c = 4.5239 Å, which are consistent
with the previous DFT results [131–137]. The Li atoms are intercalated at the center of the triangular region formed by P-P-P atoms, which is the most energetically
preferential position for a Li adsorbed on black phosphorus [137]. The structural relaxation process was done in two steps: first, a full relaxation for all atoms inside the
unit cell was performed keeping the symmetry and volume of the unit cell unchanged.
A considerable amount of pressure is induced by the Li intercalation. To release such
pressure, then a second step was performed allowing the relaxation of the symmetry
and the volume of the unit cell, together with the relaxations of all atoms in the unit
cell.

Conjugate gradient algorithm [138] implemented in VASP was used for both atoms
and the unit cell relaxations. An energy cutoff of 337.5 eV was set for the plane wave
basis set in all calculations. Energy and force convergence criteria were set to be 10−4
eV and 10−3 eV/Å, respectively. Brillouin zone was sampled by a 9 × 9 × 9 k-point
mesh using the Monkhorst-Pack scheme [139]. After relaxation, structure vibration
calculations were carried out. The vibration modes at gamma point were calculated
using Hessian matrix implemented in the VASP code [140]. Off-resonance Raman
activity of pristine and Li-intercalated black phosphorus was also studied. Raman
active modes were calculated using the derivative of macroscopic polarizability with
respect to normal modes coordinates [140].
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Figure 3.9. Schematic illustrations of the black phosphorus intercalated by Li atoms
at different Li densities starting from (a) 0, (b) 0.125, (c) 0.25, (d) 0.375, (e) 0.5, and
(f) 0.625, respectively. The values in the parentheses are the ratios of the volume to
that of pristine and the ratio of c/a. The lattice vectors along the armchair (c) and
perpendicular to the layer (b) are also indicated.

Figure 3.9 shows relaxed black phosphorus with Li intercalations. Interestingly,
both the shape and the symmetry of the black phosphorus structure change when
Li atoms are inserted. At low density of Li intercalation (up to x = 0.25), black
phosphorus loses its orthogonal structure symmetry due to the sliding of its layers
and the slight expansion of the volume of the unit cell (about 2-5 %, shown in the
parentheses of Figure 3.9 b,c), which is consistent with previous theoretical results
[141]. Relaxed structures show that intercalated Li atoms are positioned at large gaps
between layers along the zigzag direction, created by sliding of the BP’s interlayer.
At higher density of Li intercalation (e.g., x = 0.375-0.625), P-P bonds between the
ridge and the valley along the zigzag direction break alternatively, or totally, and the
volume of the unit cell increases by about 26-39% (see the values in the parentheses
of Figure 3.9). Also, an expansion of lattice constant c (along the AM direction), as
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compared to a (along the ZZ direction) was found. The ratio of c/a is shown in the
parentheses of Figure 3.9.

Figure 8a shows the experimentally measured Raman shifts for vibration modes
A1g , B2g , and A2g , respectively. The theoretical calculations are presented by stars
in Figure 3.10 a. Both experimental and theoretical results show a redshift for all
three Raman modes with an increasing lithiation, but the rate of redshift is much
larger in theoretical results than in experimental results when Li density exceeds 25%.
Especially, calculated values of A1g and B2g modes show drastically large redshift
at higher Li concentration around 50%. This behavior might be associated with
the bonds (between P atoms at the ridge and the valley) breaking along the zigzag
direction, as shown in Figure 3.9 d-f. This type of bond breaking affect the out-ofplane vibration (i.e., A1g mode) and the in-plane along the zigzag direction (i.e., B2g
mode).

Figure 3.10. (a) Experimental measurements of Raman shifts for A1g , B2g , and
A2g modes (solid circles) as a function of the Li density x. The stars correspond to
theoretical results. (b) Changes in B2g (blue) and A2g (red) Raman modes against the
change in A1g from in situ (solid circles) and ex situ (open circles) experiments.
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In Figure 3.10 b, changes in B2g , and A2g Raman modes against the change in
A1g were plotted. It is interesting to note that the ∆B2g and ∆A2g show a linear
dependence with the ∆A1g for all the Li intercalation levels with one slope. Peaks B2g
and A2g were shifted about 1.6 times more toward lower wavenumbers in comparison
to A1g . This behavior can be utilized to estimate the degree of intercalation in BP
when the shifts in Raman modes are known.

In order to understand the discrepancy between the experimental and theoretical
results of the shifts in the Raman modes of BP, it is intriguing to compare the
intercalation properties of BP to that of graphite intercalation compounds (GICs),
which have been studied extensively for both donor [142–144] and acceptor [142, 145,
146] type intercalants. In GICs, systematic evolution of stages is clearly seen during
Li intercalation. The staging in layer intercalates refers to the formation of ordered
periodic sequences of filled and empty gaps between adjacent host layers. The stage
index is defined as the number of unoccupied graphene layers between two occupied
layers. The nth staged compound indicates that there are n graphene layers that are
separated by each intercalant layer. With the increases of x (in Lix C6 ), the staging
phases in GICs are evolved from stage IV →
− stage III →
− stage II →
− stage I. The
development of the stages is well-reflected as plateaus in the voltage-time curve during
the discharge. However, in the case of BP, we do not observe such staging features in
the voltage-time curve during the discharge, implying more random distribution of
Li rather than ordered sequences of Li intercalation as in GICs, as shown in Figure
3.11.
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Figure 3.11. Staging model for intercalation. (a) Fully intercalated sample (Stage
0). (b) Stage I intercalation. (c) Stage II intercalation.

Even at the highest Li intercalation, we do not expect Li to be intercalated between every two adjacent layers as shown in Figure 3.11 a. Instead, Li is expected
to intercalate randomly in any of the configurations shown in Figure 3.11 b,c. This
is consistent with the excessive shifting (compared to the experimental values) of the
Raman peak positions obtained by our theoretical work, which assumes intercalation
of Li between every adjacent layer. This also may be the reason why there is no structure reconstruction and predicted phase transition, even at high Li concentrations.

However, it is noteworthy that the in-situ intercalation was conducted at a current
five times larger than the current used in ex-situ experiments. This was done to
reduce the experiment time as it takes several days to fully discharge a cell otherwise.
Though voltage vs time curve for in-situ cell didn’t show any evidence for staging,
voltage vs time curves from ex-situ experiments show some staging effects. Probably
a slow and steady intercalation rate (i.e. current) might have favoured the periodic
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filling of Li ions. But the high current used in in-situ experiment might have rushed
the process by randomly filling Li ions everywhere in the interlayer spaces. However,
the effect of rate of intercalation (discharge current) on the staging effect of black
phosphorous is worth studying in the future.

3.2 Vibrational Properties of Pristine and Lithium-Intercalated Black Phosphorous
Under High-Pressure.
3.2.1 High-pressure Response of Pristine Black Phosphorous
First, high-pressure has been applied hydrostatically to a pristine bulk BP using
a diamond anvil cell (DAC) (Diacell Helios DAC), and in-situ Raman spectroscopy
was done (using Renishaw InVia Raman spectrometer with a 632nm He-Ne laser,
and a 1200 lines per millimeter grating equipped with a CCD detector. An objective lens with 50x magnification and 22mm working distance was used to focus the
sample through DAC) at different pressure values. Dimethylformamide (DMF) was
used as the hydrostatic pressure medium due its transparency, low evaporation rate
and the absence of additional Raman peaks arising in the interested spectral range.
Pressure-dependence of photoluminescent ruby R2-line shifts were used to calibrate
the pressure inside the DAC. A schematic of the DAC is shown in Figure 3.12.

The procedure of pressurizing the DAC is as follows. After adjusting the gas membrane controller to a desired pressure, the system was kept for about five minutes
so that the pressure can be stabilized inside the DAC. It is important to give such
stabilization time as it takes about five minutes for the pressure to correctly transmit
to the DAC via the stainless-steel capillary tube which connects the gas membrane
controller to the gas membrane. After that, averaged Raman spectrum of 25 accumulations was obtained within the next 10-15 minutes at that pressure. During this
period, there is a possibility of change in the sample temperature by few degrees
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due to effects like laser heating. As temperature is the other thermodynamic variable which affects phase transitions by causing changes to the Gibbs energy (∆G),
considering the temperature factor is equally important. However, previous studies
have shown that the Raman shift due to temperature only is very small compared to
the change caused by pressure of several gigapascals. A related study based on the
temperature dependant phonon shifts on black phosphorous by Late [147] reports the
Raman downshifts for the modes A1g , B2g and A2g found to be 0.01 cm−1 /K, 0.013
cm−1 /K and 0.014 cm−1 /K respectively. This is a small change compared to the
Raman shift caused by pressure. Thus, a possible change of few Kelvins due to the
experimental procedure is negligible compared to the effects of pressure.

Figure 3.12. Schematic of the diamond anvil cell and the setup for in-situ Raman
spectroscopy.

Without any applied pressure, initial peak positions for the main three vibrational
modes of BP were found to be 359.8 cm−1 , 436.5 cm−1 , and 464.1 cm−1 for A1g ,
B2g , and A2g , respectively. All three peaks show an overall blueshift with increasing
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pressure and are found to be down-shifting again upon pressure release, confirming
the reversibility of this phenomenon (Figure 3.13 a).Though the peaks returned to
their initial position upon decompression, all the different features observed during
the compression were not observed during the decompression. Thus, Raman peak
positions during compression were only considered for the analysis. A detailed analysis of the peak shift with the increase of pressure reveals that the vibrational modes
behave differently in three different pressure regions (Figure 3.13 b), as discussed in
the following.

Figure 3.13. (a). In-situ Raman spectra of pristine BP obtained at different pressure
values. Red and green dotted lines connecting peak positions provide guide to the
eye. (b). Raman shifts plotted against applied pressure. Dotted lines are linear fits
at each pressure region.

Region (i) (highlighted with pink in Figure 3.13 b in the pressure range between 0
to 3.2 GPa) indicates a blueshift (upshift) for all three modes with the exception that
the out-of-plane mode A1g is found to be monotonically up-shifting all the way with
increasing pressure up to the maximum pressure applied (6.4 GPa). However, the
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behavior for the in-plane modes B2g and A2g is different. First, they only blueshift in
this pressure region. As hydrostatic pressure is applied, the sample can be compressed
from all directions in such a way that the bond lengths are shortened, and as a
result vibrational energy is increased reflecting as an upshift of the phonon modes
in the Raman spectra. This can be referred to as “pressure induced hardening of
phonon modes”. Changes in bond lengths and bond angles caused by high-pressure
are further elaborated by means of density function theory (DFT) calculations in the
literature [113].

Region (ii) is defined by the change in the behavior of the in-plane modes located
between 3.2-5.2 GPa (highlighted with green in Figure 3.13 b). In contrary to the
upshift observed in the region (i), a downshift in both in-plane modes was observed
in this region. This observation is remarkable as there is some pressure-induced
structural reorganization happening inside the material. These reorganizations cause
subtle changes in the structure in such a way that the expanded bond lengths soften
the phonon modes, causing a downshift. This expansion of bond lengths (specifically
along armchair and zigzag directions) could be evident for the temporary formation
of a new structure. Under these pressure conditions, the material is forced towards
a new partially equilibrium state at which the elongation of in-plane bond lengths
becomes dominant over the phonon hardening effects caused by the hydrostatic pressure. However, no additional Raman peaks characteristic to a new structure could be
observed. Therefore, there is a strong possibility for the coexistence of bulk BP and
a new structure present at a metastable equilibrium at this pressure region. Kundu
et. al [148] also report a similar temporary downshift for few-layer BP under highpressure. They further claim that this observation as evidence for a partial phase
transition from black to blue phosphorous. However, this needs to be backed by more
thorough experimental evidence and other characterization methods on the existence
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of blue phosphorous around this pressure region, which is yet to be done.

Upon further increase of pressure, a third pressure region can be identified beyond
5.2 GPa (highlighted with orange in Figure 3.13 b). In this region, an upshift is
observed again and the pressure-induced hardening of phonon modes seems to dominate over structural reorganization. Notably, the rate of the blueshift for the in-plane
modes in the region (iii) is significantly different than that in the region (i), which
further supports the hypothesis of the structure reorganization occurring in region
(ii).

3.2.2 High-pressure Response of Li-intercalated Black Phosphorous
Prior to high-pressure experiments, a 10 mg sample of bulk BP was lithiated using
electrochemical intercalation method (Figure 3.14), as described elsewhere [36]. The
resultant composition of the intercalated material was calculated to be Li0.69 P, which
corresponded to significantly downshifted Raman modes (357.4 cm−1 , 434.5 cm−1 ,
and 461.8 cm−1 for modes A1g , B2g , and A2g , respectively), in agreement with our
previous study [36].
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Figure 3.14. (a). Voltage vs time profile for electrochemical Li intercalation. (b).
Schematic representation of Li diffusion in phosphorene layers during intercalation.

Then a flake of the Li-intercalated BP was mounted into the DAC for high-pressure
experiment. A stepwise application of pressure up to about 8 GPa was done alongside with in-situ Raman spectroscopy. All three vibrational modes again showed an
overall blueshift with increasing pressure and reversibility upon releasing pressure
(Figure 3.15 a). As in case of the pristine sample, though peaks return to their initial
positions during decompression, all the pressure dependent features observed during
compression were not able to be traced backwards during decompression. Therefore,
Raman peak positions during compression were only considered for the analysis. However, instead of three distinct regions observed for pristine BP, five different pressure
regions can be found for the Li-intercalated BP (Figure 3.15 b).
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Figure 3.15. (a). In-situ Raman spectra of Li-intercalated BP obtained at different
pressure values. Red, green, and blue dotted lines connecting peak positions provide
guide to the eye. (b). Raman shifts plotted against applied pressure. Dotted lines
are linear fits at each pressure region.

The first region (highlighted with purple in Figure 3.15 b), indicates that the Raman
modes are not responding to pressure, thus not showing any shift up to 2.4 GPa.
This observation is a result of initial phonon mode softening of the sample due to
Li intercalation. As Li atoms are inserted, the lattice structure of intercalated BP
is stretched compared to its pristine counterpart, as reflected in higher zero-pressure
Raman shift values of all three vibrational modes. Because of this initial stretching,
the vibrational modes do not start to upshift until a critical pressure value is reached
(about 2.4 GPa), where the compression finally overcomes the structural expansion
caused by intercalation.
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After the region (i), out-of-plane mode A1g begins to monotonically upshift all the
way up to the maximum pressure applied. But for the two in-plane modes located
between 2.4 to 3.2 GPa (referred as region (ii) and highlighted with pink in Figure
3.15 b) tend to upshift and catch-up with the pressure. This behavior indicates that
pressure-induced phonon hardening is taking place and as a result, Raman peaks are
shifting upwards.

In the third region (highlighted with green in Figure 3.15 b) the sample undergoes
structural reorganization (similar to region ii of the pristine sample) which can be
seen between 3.2 to 4.8 GPa. Observed downward shift in both B2g and A2g modes
provide conclusive evidence for a prominent reorganization of the BP structure in
this pressure region.

A fourth region appeared between 4.8 to 5.3 GPa (highlighted in blue in Figure
3.15 b), in which a steep blueshift was observed after the prior downshift. This
observation is noteworthy as such an abrupt blueshift was not observed for the pristine
BP. This hints a possible secondary reorganization of the structure exclusive to the
Li-intercalated BP.

Beyond 5.3 GPa (referred as region (v) and highlighted with orange in Figure 3.15
b), pressure-induced phonon hardening becomes the dominant process again and as
a result, it shows a gradual upshift with increasing pressure and continues to be that
way.
Experimental Raman shifts vs pressure profiles for both pristine BP and Liintercalated BP are plotted in tandem in Figure 3.16 for a comparative analysis.
Several highlights can be extracted from this plot. Intercalated BP begins with initially downshifted peak positions as a result of structural expansion caused by Li ion
insertion. Even though pristine BP starts to upshift immediately as a response to the
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applied pressure, Li-intercalated material does not begin the upshift until a critical
pressure value is reached which can compensate for the softening caused by intercaladω
tion. The slope values ( dP
) quantify Raman shift per unit pressure at each pressure

region. Overall, pristine BP has steeper slopes compared to Li-intercalated BP in
comparable pressure regions which further shows the weaker pressure response of the
intercalated material. The very reason could be the structural expansion caused by
insertion of Li atoms. Thus, the pressure needs to compensate the effect of intercalation before hardening the phonon modes to show an upward shift in the Raman
spectra. It also supports the fact that the already broken P-P bonds (along the armchair (AC) direction) after intercalation require less influence from the pressure on
the remaking or rearranging the bonds. The threshold of the pressure before it starts
showing the pressure dependent Raman shift for the intercalated BP can be easily
estimated as follows.

We can write the overall shift of any Raman mode due to both pressure and intercalation as,

dω =
where,

∂ω
∂P

 ∂ω 
∂P

dP +

 ∂ω 
∂Q

dQ

is the Raman shift of pristine BP due to pressure and

(3.4)
∂ω
∂Q

is the Raman

shift of pristine BP due to intercalation. The threshold value of pressure required to
show pressure dependent increase in Raman shift is given by,

Pc = − 
Using

∂ω
∂P

∂ω
∂Q
∂ω
∂P


 dQ

= 3.39 cm−1 /GPa for the A1g mode for pristine BP and

(3.5)
∂ω
∂Q

= -12.7

cm−1 /charges per P atom for A1g mode [36] and dQ = 0.69 charges per P atom
corresponding to Li0.69 P1 structure, we find Pc ∼2.5 GPa.
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Figure 3.16. Peak positions vs pressure profiles of pristine (black line) and Liintercalated (red line) BP plotted in tandem. Slopes for each line segment are indicated adjacently.

Also, a downshift of Raman peaks can be observed in both in-plane modes in both
materials; between 3.2-5.2 GPa and 3.2-4.8 GPa for pristine and Li-intercalated BP,
respectively. This hints a similar structural modification. However, a steep blueshift
followed by the downshift is observed only for the in-plane modes of the intercalated
material which indicates a secondary structural change taking place exclusively in
Li-intercalated BP between 4.8-5.3 GPa. But neither such downshifts nor abrupt
upshifts were observed in the out-of-plane modes, which further suggests that theses structural changes affect only in-plane processes. It is debatable whether such
anomalous downshifts (also steep upshifts for intercalated BP) are indicative of much
anticipated phase transition from black to blue phosphorous, but more experimental
studies are needed to address this claim.
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The Raman intensity is a function of the polarizability and the symmetry and
therefore probes the bonding nature and the structure. The broadening and weakening of Raman peaks of BP are attributed mainly to the distortion of BP both due to
the intercalation and high pressure. The symmetry of BP is expected to reduce due
to intercalation and high pressure which could result in the removal of the degeneracy
of some modes and the activation of some silent modes. The peak broadening also
results from a loss of long-range translational order in BP as the Li content, or the
pressure increases. The broadening is also related to the presence of free electrons in
intercalated BP. Coupling of some discrete phonons with a continuum related to these
conduction electrons can cause broadening of Raman peaks. The change in intensity
of Raman peaks is also related to the changes in conductivity, since the optical skin
depth δ correlates with the conductivity σ of a material as follows.
r
δ=

2
µσω

(3.6)

Where, µ and ω are the magnetic permeability and the angular frequency, respectively. Li intercalation causes the electrical conductivity of BP to increase (electron donor). Further, as the hydrostatic pressure increases, the nanodomains of BP
make intimate contacts with each other thereby increasing the electrical conductivity.According to equation 3.6, an increase of the electrical conductivity will result
in a decrease of optical skin depth and consequently of the detected Raman intensity. Further, as the hydrostatic pressure increases, the nanodomains of BP make
intimate contacts thereby increasing the electrical conductivity. Under high pressure,
delocalization of electrons is also a possibility further causing an increase in σ.
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3.2.3 Theoretical Results
Theoretical calculations were provided by courtesy of Dr. Ming Yu and Md. Rajib
Khan Musa to compare with the experimental findings. First principle calculations
based on the density functional theory (DFT) [124, 125] were performed using Vienna Ab initio Simulation Package (VASP) [126]. For this study, 5 Li atoms were
intercalated inside the unit cell. This Li concentration of 0.625 is close to the Li0.69 P
sample used in the experiment. To study the effect of the pressure on the structure
of Li-intercalated BP, a hydrostatic pressure was applied starting from 0 GPa to 8
GPa. After full relaxation under given pressure, various vibrational modes at gamma
point were calculated using the hessian matrix implemented in VASP code. Raman
active modes were then calculated using the derivative of macroscopic polarizability
with respect to normal modes coordinates [140].

In section 3.1.3, the change in BP structure with increasing Li concentration was
discussed. A 43% of the volume expansion was found in Li0.625P, where most of the
P-P bonds between ridge and valley (i.e., along the AC direction) were broken, and
P-P bonds along the zigzag (ZZ) direction were kept intact, forming ZZ chains (see
the inset of Figure 3.17 at zero pressure of Li0.625 P). The ratio of lattice constants
c/a increases from 1.33 Å to 1.57 Å at this Li concentration. When the pressure is
applied on the relaxed Li0.625 P, a notable change in the volume, lattice constants, and
lattice angles of BP, was found as shown on Figure 3.17 and Figure 3.18. As shown
in Figure 3.18, the lattice angle between a and c axes (i.e., β) keeps unchanged under
the pressure, while the lattice angles between a and b axes (i.e., γ) and between b
and c axes (i.e., α) suddenly drop in the range of 2-3 GPa, indicating a change in the
cell shape. In the meantime, the lattice constant b (c) increases (decreases) in this
pressure range associated with the compression of the cell volume.
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Compared to the volume compression of the pristine BP under the pressure (the
black-dotted curve in Figure 3.17), the volume of Li-intercalated BP (red-squared
curve in Figure 3.17) decreases linearly under the pressure with a steep drop in the
range of 2-3 GPa. Such a drop is found to be associated with the structure change
induced by the redistribution of intercalated Li atoms under the pressure, namely,
breaking/re-bonding of P-P bonds at 2-3 GPa (indicated by the arrows/circles on the
side views of the structures in the insets of Figure 3.17). Furthermore, the clustering
due to bond formation is found at 8-10 GPa. These results could provide a fundamental guidance on the nature of B2g and A2g peaks under the pressure observed in
our Raman shift data (Figure 3.16) for Li-intercalated BP.

Figure 3.17. Cell volume as a function of the pressure for the pristine BP (blackdotted curve) and Li-intercalated BP (red-squared curve), respectively. The insets
illustrate the side views of structures under different pressures (indicated by the
black/red arrows). The blue and red-dashed circles denote the regions of P-P bond
broken and bond-formation, respectively.
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Figure 3.18. (a) Lattice angles of pristine BP (black) and Li-intercalated PB (red)
under various pressure. (b) schematical illustration of the lattice angles of the pristine
BP. (c) the relative changes of the lattice constants with respect to the corresponding
optimized values in zero pressure of BP (black) and Li0.625 P (red).

As shown in Figure 3.19, calculated Raman peaks for A1g and B2g modes in Liintercalated BP show a large downshift at 3 GPa and 8 GPa, respectively. At the
pressure of 2 GPa and 8 GPa, a merge of Raman peaks was found, which is indicative
of a structural transition at those pressures. Figure 3.18 also shows both lattice
constants and lattice angles suddenly change at these pressures. Calculated Raman
peak positions for Li-intercalated BP (Figure 3.20) show a downshift at 3 GPa for A1g ,
B2g , and A2g modes, and at 8 GPa, for B2g and A2g modes, while an upshift was found
at a pressure above 3 GPa for A1g mode. These trends of Raman peak shifts under
the pressure are consistent with our experimental observation as shown in Figure 3.16
except for slight differences in the pressure regions.
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Figure 3.19. Calculated Raman shift under various pressure for pristine BP (a)
and Li-intercalated BP. Peaks are indicated with blue dots/black stars in BP/Liintercalated BP.

Figure 3.20. Calculated Raman peaks positions of pristine BP (blue dots, guided
with the black-dotted lines) and Li-intercalated BP (green star, guided with the reddashed lines) under the pressure.
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3.3 Vibrational and Structural Properties of Black Arsenic Phosphorous Alloys
Making layered materials from BP alloys may offer an alternative approach of
dealing with the limitations of phosphorene while preserving (or even improving) the
existing properties [149]. It was recently found that some binary phosphide materials (MPx ) are proving to be promising candidates for this purpose, where M could
be a group III, IV, or V element [150–152]. Specifically, Asx P1−x compounds made
by alloying BP with arsenic (As) yield a layered material analogous to the puckered
honeycomb structure of phosphorene, which also exhibits excellent physical properties [94,95,153,154]. This structure can be visualized as the same phosphorene lattice
but with some P atoms being replaced by As atoms (depending on x). However, a
slight outward displacement of As atoms in the primitive unit cell makes the lattice
constants larger [150, 155]. A recent theoretical study reveals that Asx P1−x monolayer structures might be more stable than that of phosphorene, also with a higher
anisotropy for thermal conductivity [156]. Thus, compared to BP, Asx P1−x alloys
demonstrate much higher potential for efficient thermoelectric materials because of
their much higher mobility and lower thermal conductivity. Furthermore, property
tuning of these materials can be done easily by simply changing the chemical composition at the synthesis stage. For example, it has been found that the bandgaps of
Asx P1−x are narrow and fully tunable [94].
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Figure 3.21. Black As-P lattice structure.

A series of Asx P1−x compounds with different atomic compositions (x = 0, 0.2, 0.5,
0.83, and 1) were synthesized from red phosphorus and gray arsenic by chemical vapor transport growth method (see section 2.2). These alloys were then characterized
thoroughly using several techniques for their quality, composition and homogeneity.
Raman spectra were measured to characterize vibrational modes using Renishaw inVia with 632 nm He-Ne laser. Transmission electron microscopy (TEM) was used to
characterize the morphology, crystal structure, and chemical composition of selected
Asx P1−x alloys, namely alloys with nominal compositions of As0.2 P0.8 and As0.5 P0.5 . A
comprehensive TEM analysis, including TEM and high-resolution TEM (HRTEM)
imaging, selected area electron diffraction (SAED), scanning TEM (STEM)-highannular angle dark filed (HAADF) imaging, energy dispersive X-ray spectroscopy
(EDX), and elemental mapping, was performed using a 200 kV field emission gun
Tecnai F20 transmission electron microscope (FEI, Inc.) equipped with a 2048 ×
2048 CCD camera (Gatan, Inc.), a HAADF detector (E.A. Fischione Instruments,
Inc.), and TEAM EDX analysis system (EDAX, Inc.). The morphology and elemental composition of the alloy samples were also characterized using scanning electron
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microscopy (SEM) and SEM-based EDX, respectively. These measurements were
performed using a Tescan Vega 3 system equipped with an EDAX EDX detector.
Raman spectra obtained for gray As, BP, and different Asx P1−x alloys are shown
in Figure 3.22 a. Pristine BP has three main Raman modes (labeled in pink in
Figure 3.22 a), A1g , B2g , and A2g which correspond to out-of-plane vibrations, in-plane
vibrations along the zigzag direction, and in-plane vibrations along the armchair
direction, respectively [113, 157]. However, for alloy samples which have both As and
P atoms, it was observed that the Raman spectra consisted of peaks not only from
P-P vibrations but also from As-P and As-As (labeled in violet in Figure 3.22 a)
vibrations.

Figure 3.22. (a) Raman spectra for pristine BP, gray As, and Asx P1−x alloys with
different chemical compositions. (b) Raman shift vs arsenic concentration (x) for P-P
(top) and As-As (bottom) vibrational modes. Dotted lines provide guide to the eye
with linear fits.

The spectral range of Raman spectra for a given Asx P1−x alloy can be split into
three main frequency regimes. For the series of alloys, high-frequency region (>350
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cm−1 ) contains peaks from P-P atomic vibrations, whereas low-frequency region
(<270 cm−1 ) contains peaks from As-As atomic vibrations. For each alloy sample, three peaks in the low-frequency region can be identified as A1g , B2g , and A2g
modes for As-As vibrations (labeled in violet in Figure 3.22 a). The identification
of As-As vibrational modes is analogous to the work reported by Liu et al. [158] in
2015. Modes arising from heteroatomic As-P vibrations can be observed in the midfrequency region (270 to 350 cm−1 ). As arsenic concentration of the alloy increases,
a decrease in peak intensities for P-P vibrational modes were observed, whereas peak
intensities corresponding to As-As vibrations were increased. It is reasonable because
P-P vibrations become less prominent when more P atoms are replaced by As atoms
in the lattice. It is also observed that peaks of alloy samples are redshifted (w.r.t BP
sample) with increasing arsenic concentration (Figure 3.22 b).

Raman spectroscopic data shows that both As-As and P-P phonon modes undergo
a redshift with increasing As concentration. It was also observed that for P-P vibrations, modes B2g and A2g shift more than A1g with increasing As concentration,
by factors of 2.2 and 2.4, respectively. This observation is noteworthy and intriguing
as we observed similar trends in Li-intercalated BP with increasing Li concentration
(by a factor ∼1.5) [36] as well as BP under increasing uniaxial strain (by a factor
∼1.4) [159].

Figure 3.23 shows the morphology and chemical composition of typical particles of
Asx P1−x alloys, as obtained from STEM-HAADF and EDX analysis. It was observed
that the particles were clusters of flakes in the size range from tens of nanometers to several micrometers. The phosphorus (P-K) and arsenic (As-K) elemental
maps showed relatively homogenous distribution of both elements within the particles. However, for the As0.2 P0.8 sample, the intensity of the As-K map was much
lower than that of the P-K map, while for the As0.5 P0.5 sample the intensities of
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both maps were comparable. This was consistent with the nominal composition of
these alloys, and it was further confirmed by the relative peak intensity of the P-K
and As-K lines in corresponding EDX spectra. The morphology and structure was
further analyzed using (HR)TEM and SAED, and typical results obtained from this
study are presented in Figure 3.24.

Figure 3.23. (a,e) STEM-HAADF images. (b,f) P-K and (c,g) As-K elemental
maps, and EDX spectra (right column) of (d) As0.2 P0.8 and (h) As0.5 P0.5 alloys.
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Figure 3.24. TEM characterization of As0.2 P0.8 (top panel) and As0.5 P0.5 (bottom
panel) alloys: (a,e) low-magnification TEM images, (b,c,f,g) HRTEM images, and
(d,h) SAED patterns.

First, the flake morphology was confirmed and HRTEM images of individual flakes
showed large single-crystalline areas with lattice fringes, which corresponded to the
orthorhombic puckered structure. SAED patterns of individual flakes were predominantly single crystalline in nature and showed the symmetry consistent with the same
type of crystal structure, that is, orthorhombic puckered structure with the Cmca
space group, which is characteristic for BP. However, these measurements showed a
systematic expansion of the crystal structure with the increase of arsenic concentration x. This can be seen from HRTEM and SAED data summarized in Figure 3.25,
where d-spacing values of several low-index planes, their relative changes, and the
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measured c/a ratio of the in-plane lattice parameters are shown. Using this data, one
can calculate the average relative change of d-spacing and obtain values of 0, 0.011,
and 0.033 for As0 P1 , As0.2 P0.8 , and As0.5 P0.5 , respectively. The average relative lattice
change (∆I/I) was calculated as follows: First, the partial change of d-spacing with
respect to BP was calculated for each plane. Then an average value was taken. This
value was calculated for both alloy samples. The dependence can be fitted well with
a proportional function described by relative lattice expansion coefficient of 0.0645
(Figure 3.26).

Figure 3.25. Values of d-Spacing Measured from HRTEM and SAED, Their Relative
Changes as Compared to BP, and the c/a Ratio of In-Plane Lattice Parameters

Figure 3.26. The relative lattice change with increase of arsenic concentration in
Asx P1−x alloys as measured from HRTEM and SAED.
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In addition, the data suggest some anisotropy of the crystal structure in-plane
expansion. Specifically, the lattice increase along the c-axis was stronger than along
the a-axis (see the last column in Figure 3.25). This is consistent with the crystal
structure and easy deformation direction of the orthorhombic puckered structure.
Recently, we have seen similar behavior for the Li-intercalated BP [36].

At a larger scale, alloyed materials were found to be polycrystalline, as shown by
HRTEM and SAED. In addition, domains of different orientations inside larger grains,
extended structural defects, such as dislocations, and structural inhomogeneity, such
as heavily distorted atomic planes, were often seen in HRTEM images. The high
concentration of structural defects and lattice distortions was also reflected in the
arcing of diffraction spots in SAED patterns recorded from larger sample areas. An
example data showing all these features is included in Figure 3.27.
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Figure 3.27. TEM analysis of microstructure and defects in As0.2 P0.8 (left panel)
and As0.5 P0.5 (right panel) alloys.

Typical results obtained from SEM and SEM-based EDX analysis are shown in
Figures S3-S5. In brief, the layered morphology and relatively uniform elemental
composition were confirmed for all alloyed materials. Besides, the average compositions, as measured by SEM-EDX, were in agreement with the nominal compositions.
However, the composition distribution within different grains characterized by the
standard deviation of about 0.05 was measured for these samples.

These materials were further tested for their potential as thermoelectric materials. Transport property measurements using analog subtraction method for Asx P1−x
alloys reveal that at low As concentrations like x = 0.2, thermopowers as high as
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803 µVK−1 can be chieved at room temperature. A detailed discussion can be
found in our paper titled ”Structural and Thermoelectric Properties of Black ArsenicPhosphorus” [160].

Figure 3.28. Morphology and elemental composition analysis of As0.2 P0.8 : (a-d)
SEM images, (a) arsenic and (f) phosphorus elemental maps of area shown in d,
and (g) distribution of arsenic concentration (i.e., x in Asx P1−x ) obtained from EDS
quantification of 25 random grains.

113

Figure 3.29. Morphology and elemental composition analysis of As0.5 P0.5 : (a-d)
SEM images, (a) arsenic and (f) phosphorus elemental maps of area shown in d,
and (g) distribution of arsenic concertation (i.e., x in Asx P1−x ) obtained from EDS
quantification of 25 random grains.
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Figure 3.30. Morphology and elemental composition analysis of As0.83 P0.17 : (a-d)
SEM images, (a) arsenic and (f) phosphorus elemental maps of area shown in d,
and (g) distribution of arsenic concertation (i.e., x in Asx P1−x ) obtained from EDS
quantification of 25 random grains.
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CHAPTER 4
SUMMARY AND FUTURE WORK

4.1 Summary
Ever since the exfoliation of graphene from bulk graphite by Andre Geim and
Kostya Novoselov using simple scotch-tape method in 2004, which ultimately led them
towards winning the Nobel prize for physics in 2010 “for groundbreaking experiments
regarding the two-dimensional material graphene”, the interest for 2D materials are
ever increasing. As the surface to volume ratio is higher, these materials reveal exotic
surface properties and in-plane anisotropies than their bulk counterparts. Influenced
by the works based on graphene, researchers around the world are at a never-ending
journey in search for novel 2D materials. In this journey, phosphorene, which is
the 2D dimensional version of black phosphorous, has become a important milestone
due its promising characteristics. Properties like tunable band gap have made phosphorene even a superior candidate than graphene (graphene has a zero band gap)
in several semiconductor application aspects. Also, due to other interesting surface
features like high career mobility and in-plane anisotropy of electrical conductance,
applications of phosphorene range from energy conversion/storage to thermoelectrics,
to optoelectronic and spintronics and to sensors and actuators.

Previous experimental and theoretical works based on phosphorene reveals that the
properties and functionalities of phosphorene can also be tuned by external stimuli
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such as intercalation, tensile or volume stress. Several recent theoretical studies have
indicated that such property tuning is achievable by changing the electronic structure
of phosphorene. In particular, electronic phase transitions, such as direct-indirect
bandgap, superconductivity or metal-insulator transitions have been predicted. More
importantly, theorists associated with our research group led by Dr. Ming Yu have
published their work based on first-principle calculations, predicting the possibility
of transforming black phosphorous (BP) into a more exotic phase; blue phosphorous,
by means of Li intercalation. Blue phosphorous is the rarest (in fact, hypothetical
until synthesized recently by epitaxial growth) allotrope of phosphorous and it has
been predicted that the monolayer blue phosphorous to be semiconducting whereas
bilayer is metallic. Motivated and influenced by such predictions, this work was based
on systematically understanding the structural changes of BP under electrochemical
Li intercalation and hydrostatic pressure in the gigapascal range. First, the effects
of intercalation and high pressure were studied individually, followed by a study
on the synergistic effects of intercalation and high pressure applied together. We
further expanded our scope towards alloying BP with arsenic to synthesize a series
of materials known as ”black arsenic-phosphorous”. It was found that alloying is
a solution for stability issues black phosphorous is known to have under ambient
atmospheric conditions. Moreover, alloying led to unique themo-electric properties
within these materials which leads to numerous potential applications.

Electrochemical Li intercalation of BP was done with ex-situ and in-situ Raman
spectroscopy. The evolution of all three Raman vibrational modes was observed to
be redshifted with an increasing degree of lithiation. This is due to the decreasing
vibrational energy (frequency) between P atoms, as a result of stretching and weakening of the intralayer and interlayer bonds upon insertion of guest species into the
BP structure. Other ex-situ characterization techniques such as XRD and SAED
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were carried out for Li-intercalated BP samples in comparison with pristine BP, for
further analysis on the intercalation mechanism. It was found that XRD peaks for
BP remain unshifted even after the highest degree of lithiation, which confirms that
there was no phase change solely due to intercalation, but the rapid intensity loss
of (0k0) reflections indicated that the thickness of coherently bonded flakes was significantly reduced upon lithiation. This is due to partial effective exfoliation of BP
flakes as the insertion of Li weakens/ breaks interlayer van der Waals bonds along
the out-of-plane direction. The intercalation process has high in-plane anisotropy.
The channels along the ZZ direction were found to be the easy direction (i.e., low
energetic direction) for Li atoms to be intercalated than the AM direction. Observed
formation of nearly parallel groves along the ZZ direction confirms this anisotropy.
The puckered structure of BP lattice can be modeled as a series network of “hinges”
along the (AM) direction. Additional strain developed on the BP lattice due to the
insertion of Li atoms, causes these hinges to unfold more and thus changing the lattice
parameter along the AM direction by about 19%.

In comparison with experimental results, theoretical peak positions for Raman
spectra have shown excessive redshifting upon intercalation. In the theoretical work,
the formation of ordered periodic sequences of filled and empty gaps between adjacent host layers was assumed to model the intercalation mechanism. However, the
experimental data implies that in the case of BP, there is no such periodic evolution of
staging is followed regardless the degree of lithiation. It was found to be merely a random filling of Li atoms between BP layers rather than a periodic filling predicted by
theory. This explains the discrepancy between theoretical and experimental Raman
peak positions.

The next section of this work was dedicated to high pressure studies. Structural
evolution of the pristine and Li-intercalated BP under high-pressure was studied by
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means of in-situ Raman spectroscopy. Both, similarities, and differences were observed in the behavior of these materials. In general, an overall blueshift of the
Raman modes was apparent for both materials due to the triaxial stress generated by
the hydrostatic pressure and an increase in atomic vibrational energy of the structure.
While out-of-plane mode of the pristine BP was found to be blue shifting monotonically with increasing pressure, the two in-plane modes of the pristine BP were found
to be responding differently in three different pressure regions. In the low-pressure
region (0-3.2 GPa), in-plane modes found to be blue shifted, followed by a redshift
in the mid-pressure (3.2-5.2 GPa) and then blue shifted again in the high-pressure
region (>5.2 GPa). The cause of downshift between 3.2-5.2 GPa can be a result of
pressure-induced reorganization in the lattice structure.

In contrary, the Li-intercalated BP did not show any shift until a critical pressure is
applied. Structural expansion caused by preliminary lithiation makes the vibrations
weaker thus a threshold pressure is required to balance the effect of intercalation and
to initiate the blueshift. The calculated threshold value of 2.5 GPa found to be in
good agreement with the experimental value (2.4 GPa) required to initiate a shift in
Li-intercalated BP. Beyond that threshold, the out-of-plane mode started blue shifting monotonically, while in-plane modes underwent blueshifts between 2.4-3.2 GPa,
followed by redshifts between 3.2-4.8 GPa. Such downshift is believed to be associated with the P-P bond breaking and reforming process due to the redistribution of
Li atoms under the pressure. Upon further increase of pressure, the downshift was
followed by an abrupt blueshift (between 4.8-5.3 GPa) indicating a secondary structural reorganization. Beyond 5.3 GPa, similarly to pristine BP, the Li-intercalated
material followed a gradual and slow blueshift as pressure-induced phonon hardening
began to dominate over structural reorganizations.
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Not only the interplay between intercalation and high-pressure, but the equilibrium
points at which two seemingly opposite external stimuli act on BP reported here are
interesting avenues for future research on novel phases of 2D materials. Moreover, the
redshift of in-plane modes observed in the mid-pressure region shows strong evidence
for structural change. Even though further work and characterization are required to
confirm whether this structural change is the much-anticipated transition from black
to blue phosphorous, it is obvious from this work that intercalation and pressure in
tandem could lead to development of novel materials with exotic properties.

In addition, we have synthesized and conducted the comparative study of structural
and transport properties of a series of Asx P1−x alloys. Raman spectroscopy demonstrated the existence of three types of atomic vibrational (phonon) modes arising from
As-As bonding (<270 cm−1 ), As-P bonding (270-350 cm−1 ), and P-P bonding (>350
cm−1 ). Phonon modes were found to be red shifted with increasing As concentration.
This is due to the changes in bond strengths and bond lengths occurring when P
atoms are being substituted by As atoms. TEM characterization shows that these
alloys consist of clusters of flakes ranging from few tens of nanometers to few micrometers in size. The alloyed samples showed the layered morphology and relatively
uniform composition. They were found to crystallize in the orthorhombic puckered
structure, and the systematic expansion of the lattice structure with the increase of
arsenic concentration was observed. At a smaller scale, individual flakes showed a
monocrystalline orthorhombic crystal structure analogous to BP, but at a larger scale,
it was found to be more polycrystalline in nature. Formations of differently oriented
domains were found even within the grains of a specific orientation. Furthermore,
high-resolution imaging reveals an abundant presence of structural defects and lattice
distortions in the alloys, and the relationship between these defects and composition
of alloys is yet to be studied differently.
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4.2 Future Work
The current work on intercalation, high pressure studies and alloying of BP paves
the way to new insights and research interests. For example, we have observed a
remarkable feature in ex-situ and in-situ Raman spectra for Li intercalated BP. It
was found that in-plane vibrational modes are downshifting by a factor of 1.5 times
more in comparison to the out-of-plane mode during intercalation. Our group noticed
a similar observation for Cs intercalated BP via vapor phase intercalation, however
by a slightly different multiplication factor. It is intriguing to identify and understand
a trend between this factor and the size of intercalant atoms. Li has a small atomic
radius of 0.182 nm, whereas Cs atom has a much larger radius of 0.343 nm. Therefore,
an intercalant like Na, which has an intermediate atomic radius of 0.19 nm, might
provide a complete understanding between the anisotropy of downshift versus atomic
size of intercalants. Electrochemical intercalation of Na into BP is currently a work in
progress based on this ambition. Raman shifts observed for BP under uniaxial strain
also had the same similarity. It is obvious that intercalation itself is a process that
generate strain in BP by means of charge transfer. If a systematic understanding
between the relative Raman shift (Raman shift of in-plane modes with respect to
out-of-plane mode) under the influences on strain, Li, Cs, and Na intercalation can
be made, it will be used as a model to predict the strains generated in BP structure
in each direction, by an intercalant of any given size.

As observed by our high-pressure experiments for pristine BP, possible reorganization of the BP structure is evident around 3.2 GPa. For Li intercalated BP, two
such reorganizations were observed at 3.2 GPa and 4.8 GPa, evident by a downshift
and an abrupt upshift respectively of in-plane Raman modes. This can be a metastable state for much-anticipated phase transition from black to blue phosphorous,
but in-situ Raman spectroscopy alone is not enough for a conclusion. In-situ XRD
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spectroscopy at these pressure values will be an ideal option to verify this claim, which
is planned to be done in the near future. Also, high-pressure experiments with in-situ
Raman spectroscopy are yet to be done for Cs-intercalated and Na-intercalated BP
samples which may lead to similar structural transitions but at a different pressure.
Thus, the synergistic effects of intercalation and pressure can be optimized for the
phase transition of BP.

In addition to the potential of black arsenic phosphorous as a promising thermoelectric material, it can be used as a tool for tuning the structural integrity of BP. As
alloying replaces some P atoms by As atoms, bond angles and lengths are changed in
the BP lattice. Intercalation of guest atoms into this modified structure could lead to
new material phases which are worth investigating. Li intercalation of Asx P1−x alloys
is also an ongoing project which already has some exciting preliminary results with
possible hints for the formation of a new phase. It would be even more interesting to
study the synergistic effects of the trifecta; intercalation, high-pressure and alloying
altogether, which may lead to outcomes and applications beyond imagination.
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Bartuś, O. D. Payton, N. T. Skipper, V. Tileli, and C. A. Howard, “Production
of phosphorene nanoribbons,” Nature 568, 216–220 (2019).
[124] W. Kohn and L. J. Sham, “Self-consistent equations including exchange and
correlation effects,” Physical review 140, A1133 (1965).
[125] P. Hohenberg and W. Kohn, “Inhomogeneous electron gas,” Physical review
136, B864 (1964).
[126] G. Kresse and J. Furthmüller, “Efficient iterative schemes for ab initio totalenergy calculations using a plane-wave basis set,” Physical review B 54, 11169
(1996).
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